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DI s st i B R

ABSTRACT

This study examines the stand dynamics of Pjinus gggihggg~
var. hondurensis in its native habitat in Central America. This
species is currently the most important timber tree being planted

in the lowland tropics, but knowledge of 1its autecology is

" extremely meaqre. Data on the grovwth and population dynamics of

the species were obtained in an intensive programme of field
sampling and experimentation in the Mountain Pine Ridqe area of
Belize. These data served as input to a model (PIRUS), which
simulated the growth of mature stands of Caribbean pine. The
model was used to explore the effects of forest manaqément

policies on the gqrowth and dvnamics of pine stands.

Fire protection of these pinelands in the last 30 years has
initiated successiornal <changes in the vegetation 1leading to
reduced pine reqeneration and invasion of broadleaved species
into stands from which fire has been excluded. Field experiments
clearly demonstrated that the overall small size of the pine
seedling population was a result of seed-harvesting by the
rodent, insectr and avifauna -of the area. There were hovever
differentials 1in seedling establishment related to the
successional status of individual stands. A further series of
field and 1laboratory experiments monitored the effects of

differential shading, seedbed conditions, competition,

~allelopathic interactions, and seed-predation on the germination



and survivorship of a population of 34,000 pine seeds in stands

of varying age.

The differential seedling establishment of Py caribaea is
considered to be mainly controlled by seedbed conditions. 1In

stands which have been recently burnt the mineral-soil seedbed is

" 'subiect to rapid dessication, especially in open areas, and seeds

suffer from lack of moisture. 1In areas where the 1litter depth
exceeds 3.5 cms in thickness, the light pine seeds are perched
above a moisture supply and germination is reduced. Those seeds
that do germinate suffer severe mortality in the first year, as a

result of limited root development.

The results obtained from these experiments are a source of
data for the construction of the simulation model. The main
simulation progqram requires three other items of input: number,
diameter and age of seed-trees, age of the plot {(usually set to

zero) and the reqguired thinning schedule.

The main simulation program was constructed from empirical
data on the relationships between stem morpholoqgy, crow¥n

development, growth rate, and the ligqht climate in the stand.

The model proceeds to update changes in population structure
and individual-tree growth until maximum stand agqe of 50 years is

reached. The main program performs the update by calling three

. workhorse subroutines. BIRTH recruits new seedlings into the

iv



: stand by multiprlying fecundity coefficients by the numbers of

trees in each age-class. This value 1is then derated by an

. equation vhich predicts germination based on incident radiation,

litter depth, and stand basal—-area. A second subroutine (MORT)

calculates a probability of mortality based on the

- volume-increment of an individual in the previous year.

Subroutine GROW is a modified version of the JABOWA proqram
of Botkin et alia {1970, 1972). The qrowth rate for individual
trees is calculated using an obtinum qrovth—raté equation derated
by the effects of shading in the stand. Output from these three
subroutines has been validated by comparing the developneﬁt of

actual stands of various ages with predicted qrowth and mortality

rates over a seven-year period. No significant differences in
stand qrowth or tree mortality were found in a series of paired

tests.

xl The response of pine stands to two management regimes was
explored using PINUS. The reqeneration of stand;'vith varying
densities of seed-trees, and the effects of various thinning
intensities and intervals on pine production were eianinéd.

Recommendations include the need for a minumum seed input after

harvesting of 20,000 seeds/ha, a rotation-age for sawtimber of 60
years, and a restriction on thinning operations apart from in

stands of exceptional stem density.
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@HARTER ONE: INIRODUCTJION TO THE STUDX

The decisions made by foresters in their ianagenent of

orest resources often alter radically the potential uses of a

;; decision is directly dependent upcn the amount and guality of

.gilvicultural and ecological information available to the

'}fforester, his experience in interpreting these, and the

anagement goals in particular forest stands. The data base for

.Q;sitnations elsevhere and from the results of field

In many forest ecosystems in the tropics the silvicultural
data-base 1is extremely meagre. Decisioans which directly affect
? the forest resource and the potential yields of the conastituent
commercial species are made without foreknowledge of their
conseguences. Some tropical trees have become potentially
f?:inportant timber and pulp species in the last twenty years, but
. the commercial value of the species is nct always matched by an

'f~adeguate knowledge of its autecology.

An example of this situation is afforded by <Caribbean pine
(Pinus caribaea), an important member of the forest estate in
1? many countries in Central America and the #West 1Indies. In

5'addition, the wide ecological tolerance of P, caripaea has




o

. favoured its selection as a plantation species im cther tropical
.and sub-tropical areas; it is currently the most imporsant

;- gpecies being planted for timber in the lcwland tropics.

This thesis attempts to rectify the predicament of a ameagre

. data base for sanagement of stands of P, ibaea, by examining
" the stand dypamics of the species in part of its natural range in

- fentral America.

Apart froa the economic justification for this study, the

 gesearch is of interest for other reasops. Firstly the thesis

-deals in considerable detail with the population dynamics of a

N

single tree species, and therefore adds to a suprisingly slia

f“corpus of knowledge on the demography of plants. Secondly, it

- deals with a familiar genus in an unfamiliar environment, as

almost all of the extant ecological research has dealt with the

temperate congeners of Pipus ¢aribaea. Thirdly, it considers and

. develops deamographic theory and its relaticn to silvicultural
. problemas. These tasks are practicable because of the ccmparative

" simplicity of these Caribkean pine communities compared to the

great ecological diversity and more complex interactions of the

‘meighbouring rainforests.

$.1: SILVICULTURE AS APPLIED PLANT DEMOGRAPHY

The okjective of wirtually all silvicultural research is to

 predict and optimize timber yield and the stem form of the

individual trees that comprise the crop, either in the



'!hort~terl, or on a sustained-yield basis (Assmann, 1970).
§ilviculture is therefore akin to agriculture in manipulating the
,:outh, size, fcrm and genetic structure of plant pepulations in

_T?Q;der to attain certain management goals.

Silviculture and agriculture comprise the applied arm of the

R

. mscience of plant demography, though this has seldon been

:.g;plicitly stated. Demography deals with pepulation flux,
3’;3cussing on the birth and death characteristics, and the
wygbtential for numerical change, in a species population. As well
;,gé monitoring populaticn change, plant demographers have
?,addressed thenselves to gquestions which are those of the

ﬁ”silviculturalist in more general form:

a) In vhat ways is recruitment to the population
regulated?

b) What factors determine the efficiency cf resource
utilization by the population? For example, shat is
the effect of increasing crop demsity on crop yield?

c) What are the effects of coapetition between
species op growth rate, fecundity, and yield?

i d) What factors control nmortality rates in the
population?

o Silviculturalists have tended to ignore thejr kinship with

‘plant demographers for several reasons. One is the almost total

Reglect of plant pepulation dynamics by botanists and

. biogeographers alike in the first half of this century. Plant

}’gelography lapsed from a central position in Darwin's researches

- om plant ecolbgy to a very subordinate position igp 1later vwork,



*i@til revived by Tamm (1948, 1956, 1972) Harper (1960, 1961,
- §964a, 1964b, 1965, 1967) and de Wit (1960,1961). Changes in
f.itnral, transplanted and sown populaticms of crop plants, weedy
k ‘ganuals, or perennial herbs have alsc been mcmnitored by Sagar,
}g!ﬂ59), Antonovics, (1966), Cavers and Harpqr, (1967) , Putwain
¢ al., (1968), Putvain and Harper, (1970), Williams, (1970),
%nd Sarukhan and Gadgil, ¢1974), for various periods of tinme.
‘gheir emphasis on non-arborescent species is the second major

eason for the neglect of plant demographic research by

-§oresters.

A further reason for this neglect is that plant demography

is distinct in a number of ways from its animal counterpart, and
fﬁ?ﬁis npiqueness poses several problenas for researchers.
;i;ﬁdividuals of a single species of plant are inm general more
 'lorpho1ogicalJy variable, longer—-lived, and have a wider variety
.- @f reproductive strategies available to them than do animal
'gglpecies. Individual trees may vary a milliop-fold in their
'%5h101ass as a result of growing through various 1life-stages.
“/ urther morphological variation may result from genotypic and
b Qcotypic plasticity in the species populaticn, and from the
?“.tfects of competition. Thus a demographic analysis of tree
3 §opn1ations that dealt only with the numbers of plant
-ﬁ?iindividuals would have serious shortcomings, and be of little
:% ptactica1 interest to forest managers. One way of surmounting

% this problem was suggested by Harper and White (1974), who




xpanded on an idea outlimed by Darwin (1839). Their proposal
;g;“that plants consist of subpopulations of fumctional units
phich are relatively nep-plastic (e.g. shoots or leaves) which
hey term ®ramets®, Bach of these nmodules has the genetic
akeup of, and is engrafted onto, the individwal plant or
genet¥, This method also avercomes the problem of vegetative
eproduction by plants, as members of clomal pgopulations can be
: i.nulerated in the ramet subpopulations. Harper and White insist
ithat plant demography should deal not only with the number of
janets, but also the number of ramets, 2and the interactioas
Ppotween the two. Alfhough their paper represents the most
coherent attempt to grapple with the inherent probleas of plant
:@jlglography, only one field study has employed this approach
féﬁjlnys and Harper, 1974).

g ,
As virtually all of the species investigated in the

'fztesnrgence of plant demogaphy have been noen-arborescent species
:‘;:;‘ x *
with fairly short 1life-spans, the dynamics of the sanmple

';gppllations can be accurately monitored by field observation.
“‘pirect testing of hypotheses in the field by manipulation of the

“. population or its environment is alsqQ possible. Pield

xperimentation has focussed on the regulatory mechanismas of

i
* population change such as crop demsity, soil fertility, and

inter- and intra-specific coapetition for environmental
L
resources.




‘‘‘‘‘‘‘

The silwviculturalist who endeavours to place his research

‘ginto a holistic demographic framework faces a number of

robleas. Forest stands are complex and highly variable

phenosena. Any study of their dynamics must take into account

he processes of gemeration, development, and demise, of either

;ﬁhe stand viewed as a whole, or of the individwal trees that
Econpx:ise the stand. One of the principal froblems results froa

1the longevity of forest trees. Most tree species have

ttainable life-spans of 100 - 400 years (Harper and White,

‘ope.cit.), and even ip ccamercial timber rotations of 50 years or
féo the observation or manipulation of field populations may only

‘s be practicable for short segments of the cohort life-span.

Population turnover is greatest in the juvenile phase of the

féplant's existence (Darwin, op.cit.; Sukatschev, 1928; Harper and
.. MacNaughton, 1962; Yoda, 1963). Por this reason, most field

. research in forest demography bas focussed on population flux in

this phase.

© 3,23 DEMOGRAPHY QF SEEDLING PQPULATIONS

There have been two distinct and parallel trends in research

jdon the recruitment of seedlings to forest stands. The first of
. these is similar in methcdology to the aforementiganed research on
% herbaceous communities, and deals with the enwironmental and
| ‘%~hiologica1 caontrols on seedling establishment. The principal
gwdeterlinant .0of seedling abundance of various tree species hés
t"";'%‘i“!:een ascribed to seed-predation and predator avoidance (Watt,

% 1919; sSmith and Aldous, 1947; Abbott, 1961; Gashwiler, 1967;



‘iau, 1968; Saith, 1970; Janzen, 1971, 1972; Hartshorn, 1972);

eedling-predation (Vaartaija, 1962; Ross et al., 1970);
ﬁcolpetition {Korstian and Coile, 1938) and unsuitable seedling
?.nvironlents in terms of the light cli-afe, soisture supply or
'geedbed conditions (Billings, 1938; Shirley, 1945; McDermott,

§f195u) or allelochemics (Ooyama, 1954).

Attempts to model seedling establishment and seedling

. mortality represent the second mode of forest demographic
%6 N

- research. The work carried ocunt under the impetus of the late
%

- John T. <Curtis at the University of Wisconsin by Auclair,

&
o

nf¢6tta-, Hett, Loucks, Goff and K. Harper exeamplifies this

ks

e

ﬂ,aﬁptoach. Hett {1969), for inst ance, documented the
&

-age—~structural dynamics of Tsuga capadgnsis and Abieg balsamea,
i

and tested the comparative utlity of three simple models of
4

éopulation decay in seedling populations. Hett (1971) and Hett

b

- and Loucks (1971), used similar technigques to model mortality in
3+

- seedling populations of sugar maple (Acer saccharum). The
[P
" research described above is unique in its exploration of models

of seedling demographic change.

An alternative modelling method is the life-table approach.
igain, this technique has been extensively used for human and
vjéther animal populations, but has foumnd few exponents in plant
&e-ography. Hawksworth (1965) was the first to employ the

g technique in plant population dynamics, calculating survivorship

rates and life-expectancies for various developmental stages in




25 the life-cycle of dwarf mistletoe. Hett and Loucks (1968) also
‘¢ @emonstrated the use of static life-tables in analysing mortality

“:of three species of tree seedlings in Ontario, and Sharitz and

- % pgecCormick {1973) derived life-tables to compare the coapetitive

‘g;abilities of two annual plants in Georgia.

i

“+ 1932 SINULATION MODELS IN FOREST ECOLGGY

In addition to the models of seedling populations, models of
- the entire life-spans of tree species can be constructed.
. pecause of the longevity of forest trees, direct observation of
%?the dynamics of the species pqpulations requires dong periods of

'i}data collection to produce reliable results. Similarly,

%;cxperilents designed to test alternative management strategies in
.. forest stands have to be monitored over many years before
. conclusive results are obtained. , Forests are spatially
 .heterogeneous systeas and consegquently, a large number of

%Lohservational or experimental plots need to be maintained in

| order to sample the forest universe.

Using simulation models, the forest ecologist or
7 silviculturalist can observe processes or test alternatives which
,f may be too time~ consuming, too destructive, or toc expensive to

f monitor in the field. High—-speed digital computers can execute

simulation model programs in very short time-periods relative to
their real-time counterparts. This feature of time-coapression

 13 one of the major advantages of the method.




The constraints of simulaticn modelling are swuccintly stated
% by Wiens and Dyer:

"Thus a simulation model is not a precise
X portrayal of reality and the conclusions which
iy emerge from a modelling analysis must be regardead
as preliminary, subject to the constraints
imposed by the assuaptions of the nmodel.
However, simulaticn models may play an important
role in resource mapagement by teaporarily
allowing the <circumvention of inadequacies in
field data to reach tentative conclusions and by
directing field research efforts towards
elucidating wvariables which appear especially
critical." :

¥iens and Dyer, 1975; p. 64.

C.S. Holling (1973), in an article on the role of models in
ecology, noted that modelliag efforts have rang%d from the
relatively general ("strategic® models) to the relatively
specific ("tactical® namodels). Holling's terminology was a
reformulation of Levins? (1968) triad of w=odel attributes:
generality, realism and precision. Strategic models attempt to
maximise generality and realism; tactical nmodels emphasise
realism and precision. HNost of the strategic models in ecology
have dealt with such problems as species interactions and
community stability, and have been developed by animal

ecoiogists. In forestry and forest ecology, homever, tactical

modelling has held sway.

Mathematical description of forest stands dates back to the
yield tables formulated by the German forester J.C. Paulsea in

- 1795. Tactical modelling, as opposed to mathematical
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- description, has been used by foresters at least since 1898 when

i
2
z

i de Liocourt represented the number of trees in successive dbh
3c1asses by the geometric series (Meyer et alia, 1961). Since that

- time mathematical models have been increasingly utilised in

o+ forest research. Prior to the advent of the digital computer,
most work im stand projection centred on yield tables. For the

most part they are based cn previous mean yields for a limited

range of stocking levels and site indices. More sophisticated

4 models have grown out of these techniques im the last fifteen

; years, their variety stemming from the goals of individual
» researchers, which may vary from the desire to maximise ecompamic
. returns in forestry enterprises to evaluations of the role of

% environmental stresses and of community successiop on forest

f dynanmics. These two disparate goals represent the extremes of a

.- continuum of approaches to forest modelling.

'1.31; Demogqraphic Ngdels

Mgl

The origin of pepulation models can be traced to the work of

g

f‘nevis (1942) and Leslie {1945, 1948) inm population mathematics.
1 The basic approach utilised in this type of model is that of a
%?projection matrix (Q) (Pielou, 1969; Keyfitz, 1968), which
%’describes the populaticn transition from ome time-period to the
éknext. The numbers of live births-per-individual in each age
i’group are given in the top row elements and the principal
;;subdiagonal .elements contain the probabilities of surviwving from

i one age—group to the next. The basic Leslie model can then be
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written as: Q.a = a +1 where a is the age-structure at time t

- and t+1. This model operates under two constraints, one is that

the transition coefficients are constant in time, and the other

% is that the age—-structure of the population nwmust be Kknown.

;: Models in this class have been developed by biologists and have

so far been neglected by foresters.

If the birth and death rates of the population are both age

4_and density-dependent, then the first constraint camn be overcome

by calculating the tramsition coefficients in the manner propased

by Pennycuick et al. (1968). The second constraint was

- eircumvented by the work of Lefkovitch (1965), who considered

that division of the population into stage or size-classes;

rather than age-classes, mnight be more suitable for many

© organisas.

The projection-matrix approach has been fairly widely

employed in animal ecology, but the only use of the technique in

' plant population dynamics has been that of Usher (1966, 1967,

1969, 1972, 1973); Sainkhan and Gadgil (1974); and Hartshorn

{(1975). The most innovative use of the technigue in forest

" ecology wvas by Usher, whc calculated the annual allowable cut in

forests of pPinus sylvestris based on the magnitude of the

dominant latent-root of the projection wmatrix. Hartshorn

-~ employed it to examine the short-term population stability of two

i tree species in the rainforest of Costa Rica. A similar model

outlined by Bosch (1971), purported to show that redwood
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{Seguoia) populations im Califormia could expand indefinitely and
%? support intensive exploitation, but was subsequently shown to be
P N

% gonceptually and mathematically invalid (Brussard et aljia, 1971;

i’ galbach, 1971).

bther types of prcocjection matrix have been used in forest

.. ecology. Waggoner and Stephens (1970) and Horm (1975) used a
/ ;tationaty Markov-chain prccess as a' technique for modelling
forest succession. The resultant projection-matrix describes the
prohabilities of replacement of an individual tree by members of
the sapling population over a specified time-interval. This
method allowys  estimation of the variability of possible
successional segquences and *climax®" states. The assnnption of a
stationary process allows the modeller to use developed theory,
but the assumption say not be valid in most forest ecosysteas. A
deterministic variant om the above method was employed by
Shugart, Crow and Hett (1973) to model forest succession _in the
6reat Lakes area. They modified the Markovian approach so that
transitional probabilities  were represented by linear

| . differential egquations. The output from this model would be
equivalent to the mean values generated by a series of runs on

the Markov-chain 'model.

Somewhat sisilar modes of modelling forest succession are
derived from compartment models of chemical kinpnetics (e.g.
- Rescigno and Segre, 1966). This source has provided the

t heoretical basis for mcst of the research on mineral and energy
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. luxes in forest ecosystems (e.g. Olson, 1965), but the only
. gpplication in the field of forest stand dynamics bas been that
gof Bledsoe (1968) and Bledsce and van Dymne {1969, 1971).. They
i<gilployed a compartmental model approach in which the biomass of
ach species or group of species is represented as a coapartment,
; iand the changes in biomass over successional time are visualised
';ns fluxes between compartaents, represented by first-order
%fdtfferential equations. The model provides a useful, though

% somewhat coarse method of simulating vegetatiom succession, as no

ﬁ'aelographic information is incerporated in the model.

Models of forest succession which are more firmly based on

F.ihe behaviour of the tree populations are those developed by
é ieak {1970) and Botkin, Janak and Wwallis (1970,1872a,b). Leak
;tilised constant birth and death rates to simulate the changes
'in o0ld stands judged to be approaching steady-state conditions,
and density-dependent rates in ‘'dynamic' stands. The JABOWA
;odel of Botkin et a}lia is a forest-growth simulator developed
for the Hubbard Brook Ecosystem Study which mimics succession in
stands at diftefing altitudes and with varying soid depth. The

" input of new trees to the mcdel is generated by a subroutine
which makes a random choice of 0, 1 or 2 saplings from each of
nine tolerant species. Mortality is governed by the degree of

" canopy closure and is also a function of tree age. Both of the
« above models suffer from the severe drawback that seed and

seedling dynaamics are omitted from the model, and "births" are

Bl e s
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-the result of tapping sapling populations which are assuaed ta be

infinite.

% 1,32: Forest Estate and Stand Hodels

#anagement of forest estates in which variables such as
ields, harvesting schedules, thinning regimes, operational costs
and lumber prices may be modified by the simulator in order to
evaluate econaomic alternatives, were the subject of a series of
modelling and gaming efforts (Gould and O*'Regan;, 1965; Clutter
and Bamping, 1965; O%Regan, Arventis and Gould, 1966; Howard et
.- al., 1966; HNyers, 1968, 1971; Ware, 1969; Bare, .1969; 1970; and

ﬁlsayers, 1971). An illustrative example of this apgroach is that

M4of Sayers (op.cit.), who constructed a model of a private forest
;;estate in Scotland. Tree growth is calculated from a stand yield
'~ table and the model requires input of an operational schedule for
: each year. The model fprepares annual accounts based on these

?FOPerations, some of which are mandatory.

Tree growth is predicted im greater detail in stand models

¥ than in the forest-estate models. Exaaples are afforded by the

F

-mork of Mauge §1970), Myers(1973), Bruner and MNoser (1973), Ek

{1974) . Mauge simulated changes in stand height, height of

S L0

B

- dominants and stand volumes in Pjipus pinaster plantations as a

i
L
&
i

function of stand age. Multiple and sismple linear regressiods

equations are used to miamic these relationships, and the effects

-0of thinning regimes and fertilization on yield and revenues are

ik

. i
Ak
A
M
!t
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étilulated. The model outlined by Myers simulates the management
£ stands of even-aged P, ponderdsa and P, gcoptaorta. It
rovides a variety of management alternatives and catastrophic
vpossibilities, and calculates yields as a function of the age of
ithe stand and site index. Ek developed a series of non-linear
»rregression eguations to simulate changes in stand
;;}gialeter-increlent and mortality for northern hardwoods, and

/markovian methods have been employed tc similar ends (Bruner and

lloser, op.cit.)

All these models are deterministic in that their input
onsists solely of stand variables such as stand basal area and
. age, and they therefore fail to take into account stochastic

:ﬁ»Vatiations in the growth process and in pepulatiop fluctuation.

" 1233; Ipdividual-Tree BNedels

Models based on the birth, growth and death of individual

? trees in a stand are patently more realistic and flexible than
%'nodels based on stand components, and provide many capabilities
‘'not available in stand mcdels. Their chief asset is the ability
j to mimic the response of individual plants to environmental
- stress, either in terms of their growth rates or reproductive
success. Against this they have two potential drawbacks. One is

the danger of imcorporating trivial detail in the model for the

-

-sake of completeness, and the second is the comsiderable increase

in computer execution times and storage required by models of
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,fthis type. Dress (1968) discussed the theory of the
;f*individual-tree approach in forest stand modelling. The
'jéindividual tree characteristics of diameter, height, crown
length, crosn radius, competition index, and docation ia the

stand are included in his model.

One of the first individual-tree models tc be developed vwvas

that of Newnham (1964) for Douglas fir (Pseudgotsuga menziesgii)

plantations. The model coamputes diameter grcvwth, crown width,

diameter and height for e€ach tree in the stand. The growth rate
'? for a tree is calculated from regressions on open-grown trees,
» and grovth is derated according to the amount of competition the
tree receives from its neighbours. Competition is based on the
ﬂ? relative magnitude of the crown radius for each tree, and the
model calibrated against yield tables. Lee (1967) used Newnham'’s
model to calculate yields and expected revenues in ssands of
Pinus contogpta, and Bella (1971) used a similar method to model
aspen {(Popplus tremulgides) stands. The model provides a variety
'ﬁ of spatial arrangements (uaniforam, clumped, or random) for the
trees, and calculates distance-dependent competition for each
individual. Growth is calculated by an algoritham siailar to that
adopted by Newnham. A further developsment of this approach vwas

made by 1Lin (1969) wvho successfully predicted dbh growth of a

limited number of stands of Tsuga heterophylla.

The principal departure froam Newnham's approach was that of

¢ Mitchell (1969) who modelled the growth of a white spruce stand.

Lol L ke L R
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1 éxn Mitchell's model the tree's competitive status is a function
{af radial branch—-increment, and growth is calculated fron
; :allonetric relationships Lbetween tree croun compogpents. Arney
fﬁf(1971,1973,1974) simulated the sten radial-incresent of
Eindividual Douglas fir trees, as well as stand growth, based on
rown height and the radial increment of each branch whorl.
competition is assessed in a manner similar to that of Newnhan
$(op. cit.). Arney's index of competitive stress is now fairly

widely used by the Canadian Forestry Service {(e.g. Ker, 1975).

Goulding (1972) constructed a distance-independent model of
pouglas fir growth using sultiple-regression equations to predict
Tstand growth and nortality. The model is validated against
- plantation data and yield tables, and with the exéeption of some
iolder stands, perforss acceptably. An elegant nmodel was
'A?developed by Hatch (1971) for Pipus gLesinosa plantations.
girrobahility distributions are used to generate the initial stand,
i grovth incresents, and mortality schedules. 6rowth and mortality

-are both treated as stochastic variables, and steam growth rates

% are based on crown developrent.

- J.43 OBJECTIVES OF THB STUDX

There are a variety of alternative methods available for the

e

* investigation of forest stand dynamics. The choice of research

'}franeuork is mediated by factors such as the the detailed goals

§ of the research project, logistical constraints and personal
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preferences. The first objective of this study is t§ examine the
geraination, mortality and growth of P, g¢aribasa populations,
and to explore the mechanisas that regulate population size and
dynanmics. The second objective is to utilise these data to
discuss the alternatives available to foresters im Central

America in their sanagement of the pige resource.

The first objective can be attained by monitoring the
dynamics of seed and seedling populations in the field, and by
testing the effects of biotic anmd environaental variables on the
Tate of seedling establishaent. An individual-tree model of
stand behaviour can then be constructed using the results of
these experiments. The mpodel incorporates information derived
from incremsent and experimental plots and a priori principles in
order to simulate the growth and develcpment of mature trees. An
individual-tree model has the advantages of being more realistic
and flexible than the cther types of simulators, and enables the
modeller to relate differentials in tree establishsent and growth

to inter-tree competition and environmental influences.

The validated model can then be used to acheive the second
objective by relating variations in stand yield to silvicultural
practices, particularly the effects of various

regeneration/harvesting strategies and thinning regiames.

In the succeeding chapters the taxonomy and biogeography of

" Pe cggigaeg are discussed (Chapter Two), and the study area



19

{Chapter Three) and research stands (Chapter Four) described.
The second part of the thesis develops and tests hypotheses on
the effects of envirenmental and biotic influences on seedling
establishment (Chapter Five), and proceeds tc¢ construct and
validate a simulaticn model of stand behaviour (Chapter Six and
Seven). Chapter Eight presents the results of silvicultural
experiments performed on the verified model, and the final

chapter summarise the conclusions of the study as a whole.
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CHBAPTER TWO: IAXONOHNE,.;BIOGEQGGRAPHY AND ECONOMIC STATUS . OF
CARIBBEMN PINE. '

13 BANGE AND APFINITIES OF CARIBEEAN PINE.

The natural pine forests co¢f Central America cover some
QS,OOO sq. km., (Kemp, 1972), mostly in Honduras, Nicaraguma and
Guatemala, but with smaller areas occarring in Beiize and E1
Salvador. Although the taxonomy of the pines of this area is
still somewhat confused (Mirov, 1967), almost all pine
populations below 1000 m. can be ascribed to two species: Pinug
caribaea; and P, g¢gcarpa. There is an altitudinal gradiemt in
the species composition of the pine forest, with the latter
species rarely ranging dcwn below 600 a., shereas P. caribaea is
restricted to the lowlands, only occasionally being found ahove
700 m. Outliers of Mexican highland pines (e.g. Pa. haptvegii:;
P. pseudostrobus) occur at altitudes above 1000 =m., =mainly in

Guatemala.

In bioclimatic teras, P, caribaea is the most tropical of
all pine species, ranging southwards along the Atlantic coastline
of Central America from the Belize-Mexican border {18' 3* N.) to
the vicinity of Bluefields in Nicaragua at 12'13* N, (Rig.
2.1) On these éoastal plains the stands of pine are very open,
with scattered treés separated by grass and sedge savanna and
petennial swamp. The rainfall at the southern end of this range
» is of the order of 400 mm. annually, and the pine savannas are

seasonélly inundated. Although the annual rainfall decreases
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steadily northwards to 2600 mm. in northwest Honduras and to leés
than 2000 mm. in gporthern Belize, the low - lying, poorly-drained
sediments of these coastal plains impose conditions of seasonal
waterlogging, and the environment for pine growth is broadly

similar throughout this six degrees of latitude.

Where the coastal pine savannas extend inland, they tend to
occar on better-drained gravelly soils and environaental
conditions are more sisilar tc those in the inteiior populations
of the species. These interior provenances cansist of a very
discoptinuous but extensive series of population segregates in
the foothills of eastern Honduras and Nicaragua, the Nountain
Pine Ridge area of Belize, and some localised stands around
Poptun in the Peten department of Guatemala. The climate in
these inland areas is such more severe tham that on the coast,
with mean annual rainfall totals of 1600 mm. or less (<900 anm.

in the Choluteca valley, Honduras) and prolonged dry seasons.
2223 TAXONOMY OF CARIBEEAXN PINE

The biosystematics of Caribbean pine, especially the status
of the Central American populatioms, are still the subject of
debate. After the slash pine (P elliottii) populations of
Plorida were shown to be taxonomically distinct from P. caribaes
(Loock, 1950; Little and Dorman, 1952; 1954), the remaining iest
Indian and Central American populations of the latter were

| surveyed by Barrett and Golfari (1962). They recognised three



o AT L g T T

23

distinct races of P, caribaea, two of which are restricted to
the islands (var. bahamensigs in the Bahamas and var. carjihaea
in Cuba). This thesis deals with the third subspecies, P,
caribaea var. bondugxensis, which is limited to the mainland of
Central America. The distinguishing features of this variety are
three-needled fascicles (occasionally 4 or 5, distinguishing it
from the 2-3 needled Bahamsan variety); seeds with articulate
vings {distinguishing it from the Cuban\ variety, in which the
seed wing remains attached); and larger cones (6-14 cm. 1long),

those of the other varieties.

Hybridization of some Central American populdations of P,
caribaea with P, QQgarpa var. ochoteperai causes taxonomic
problems in this subspecies. Trees which are referable to
neither species, and are presumed to be members of hybrid swaras,
have been reported from the interior valleys of Honduras, and
from the interior wmountains of Belize (Williams, 1955; HMirov,
1967) . The status of these population segregates is enigmatic.
Loock (op. cit.), considered that the interior Belizean foram was
sufficiently different frcm other Central American pines refaered
to as P, caribaea to warrant elevation to specific status, and
he suggested that the name revert toc P hopdurensis (after
Seneclauze), but Little and Dorman (1954) coudd establish no
grounds for this differentiation. A more comprehensive review of
these taxonomic problemas and their relation to the historical
hiogeograéhy' of the pines of the Caribbean area can be found in

Baldwin (1968).
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MANAGEMENT AND EIPLOITATION OF FORESTS OF CARIBBEAN

;

PINE

Over its entire range Caribbean pine has suffered froa
over—cutting, and regeneration has subsequently been poor. It is
only within the last thirty years that any systenatic-efforts to
- conserve the pine resource have been w»made, and while in some
countries these efforts have been successful, in\cther areas the
protection afforded to the pine stands has been minimal. In the
West 1Indies wmuch former pine forest has been cut for timber and
the land converted to sugar-cane farming, but in the years since
the revolution in Cuba there have been atteapts at
re-afforestation, (Lamb, 1973), and in the Bahamas the pinelands
are now 1in a regeneration phase after <fifty .years of heavy

exploitation (Henry, 1974).

In Central America small-scale exploitation of the coastal
pine forest has been carried on since the eighteenth century
{Parsons, 1955), but ccmmercial lumbering only commenced in the
- 1920's wvhen an American syndicate began cutting the pine in
coastal Nicaragua (Amnon., 1928; Fahnestock and Garrett, 1938).
Bxploitation ias particularly heavy during and immediately
following the Second World W¥ar (Harper, 1947), and when Taylor
(1959;1961;1962;1963) and Munro (1966) visited the area most of
ihe pine stands had been cut, and regeneration was under way ih
areas where  fire protection had been provided (Lamb, op.cit.).

In the interior forests c¢f HNicaragua the pinelands are being
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cutover at the present time, and Denevan (1961) reported reduced
areas under pine as a result of this exploitation. The Caribbean
pine forests of the Honduras republic attracted considerable
attention froam 1lumber companies (e.g. Durland, 1927), but
because the 1limited accessibility of the discoatinuous coastal
stands inhibited exploitation, only the interior forests (mainly
of P, Qocagpa), have been cutover. The depletiocn of the
interior pinelands is «c¢nly partly due to lagging, the
depredations of the bark beetle Demdroctopus mexicapus in the
early 1960's also accounted for many trees in this area (UN/FAO,

1968) .

The exploitation of the pine forests of Belize followed the
Nicaraguan pattern. Because of the small domestic market, and
the self-sufficiency of the 1lumber ©producers in the American
south, the coastal pinelands were logged on a small-scale until
1938, Théreafter exploitation increased rapidly, and in the
1950's pine exports became one of the prime sources of foreign
exchange for Belize, with pine supplanting mahogany as the chief
forest product of the country. The interior pine forests cane
into production some years after the coastal stands, but because
the total amount of exploitable timber was less than inventories
had estimated (partially due to hurricane damage in 1961), levels
of exploitation and export declined, and are currently back to

their pre-wvar levels.
2.,4: EXOTIC PLANTATIQNS OF CARIBEEAN PINE.

Plantations of Caribbean pine, mainly derived from seed of a
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Bountain Pine ﬁidge provenance, have become widespread in the
tropics in the 1last twenty years. This 1is due to the wnide
ecological tolerance of the species, its rapid growth in huaid
tropical environments, and its 1low nutritional reguirements
(Cornforth, 1970; Lamb, 1973). P, <catribaea was first planted as
an exotic in a series of plot trials im South Africa in 1929
(Luckhoff, 1964). These and later plantatiops proved the
adaptability of P, c¢aribaea to a wide variety cf environaents,
and led to its adoption as a plantation species elsewhere. At
the present time P, ¢garibaea is proving a successful exatic for
both timber and pulp, and is currently being planted in areas
where rainfall totals and annual temperatures are often gquite

different from those in its native raage.

In the coastal lowlands of South and East Africa there are
extensive plantations of Caribbean pine (see Appendix 1), and
further plantations have been established on the sub-tropical
plateaux of Kenya and Uganda. In West and Equatorial Africa
plantations are still in the process of being established, but
the initial indications are that the species will prove
successful in the moister parts of the savanna 2zones in these
areas. {Lamb, op.cit.). In South America and the Caribbean soae
15,000 ha. §37,000 ac.) of P. caribaea had been planted by
1970. Again the sub-humid lowlands and the moist savanna a:eas
appear to have the greatest, potential (Golfari, 1972). An
intensive pfogranne cf plantings is currently developing

plantations at the rate of 12,000 ha. (30,000 ac.) per annua
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(Lamb, op.cit.).

In Asia :and the Pacific, P, caribaea has been planted oaver
a wide range of site conditions, from the lower foothills of the
Himalayas (Seth, 1972), to the humid lowlands (Waring, 1971) .+ The
most successful trials of g; caribaea have begn in Australia. 1In
N. Queensland var. hopdurensis has recorded very rapid growth,
equivalent to that achieved by the best of the temperate pine

species (cf. P, radiata in New Zealand).

In summary, P, gcaribaea, especially var. hondarensis, has

proved to be capable of rapid growth in mamy different climatic
and edaphic environments in the tropics and sub-tropics, and must
be regarded as an important source of pulp and timber supplies
for many Third World countries in the future. Before this future
is assured, hovever, several «critical areas of research and
policy formulation exist. Data on the dynamics of Caribbean pine
stands are reguired in c¢rder to conserve the pine resource
through future cutting cycles. The recent overexploitation of
the Caribbean and Central American stands camnot bLe allowed to
re-cccur. Research oﬁ the potential yields and tolerances of the
various provenances of the species and on management strategies
in exotic plantations of the species 1is required. For the
Central Asmerican populations, the first of these research focii
is an urgent necessity and provides the practical rationale for

this thesis.
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CHAPTER THREEZ [ENVIBONMENT OF THE STUDY ABEA.
3.1: LOCATION

The area chosen for this research is part of the Mountain
Pine Ridge Forest BReserve in Belize, Central America, which is
located at 17 degrees north, 88 degrees vwest, some 11 Kkn.
south-vest of Belize City amd 20 ka. from the border with
Guatemala (Fig. 3.1). This area offers seweral advantages for

‘research into the silvicultural ecology of P, caribaea.

Firstly, Mountain Pine Bidge has been gazetted as a forest
reserve for the last three decades. Unlike virtually all oqther
areas of pine woodland in Central America, it has‘ therefore
received some measure of protection froa fire durimg this period,
.and records of fire extent and frequency are available for part
of this time. Thus, Mountain Pine Ridge offers pine stands in
various stages of successional development, and stand dynamics
and history cam be reconstructed. Secondly, because Mountain
Pine BRidge has been the seed-source for nmost of the exotic
plantations of P, capibaea in other tropical areas, information
on the stand dynamics of this provenance of the species may well

prove useful in the management of these plantations.

The vast secondary rainforest of the Yucatan Peninsula
covers approximately ten percent of the Forest Reserve,
~ encircling the pine savanpas and cutting thea off from the

pinelands of coastal Belize. Although visits were aade to all
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_Source: Lamb (1950)
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parts of the interior pinelands, field research vas undertaken in
the vestern part of the reserve, in the area known as the Gramite

Basin.

There is little altitudinal variation within the Granite
Basin, amnd this factor, and the underlyipg granitic parent
material, produce a fairly uniform soil type throughout the study
area. The Granite Basin is also the most fertile and accessible
area of Mountain Pine Ridge, and can therefore be expectad to be
of prime value in forest exploitation in the future. The range
of P. oocarpa 1s 1limited in Mountain Pine Ridge to the hilly
areas above 850 m. elevation to the south and east of the
Granite Basin, and it is in these areas that P, gcaribaea x P,
oocarpa hybrids occur. Ccafining the study to the Granite Basin,
which is less than 700 =a. throughout, therefore ensures a

homogeneous genotype for field sampling.

3:.2: GEOLOGY

Mountain Pine Ridge lies on the north-western flanks of the
Maya Mountains, and topographically and geologically =may be
considered part of this massif. The bedrock geclogy of this
upland area has been discussed in a nuamber of papers (Sapper,
1899; Powers, 1918; OQwer, 1928; and Dixon 1956). The MNaya
Mountains massif is a horst block with fault-bounded scarps oh
its eastern and northern boundaries rising to elevations of

~ 700-800 nmn. The dominant element of the lithology of the area is



31

the contrast between the intrusive and metasedimentary rocks of
the Maya Mountaim upland with the Mesozoic limestones which form
the western and northern boundaries of Mountain Pine Ridge. This
contrasting lithology is reflected, ia part, by the distribution
of soil and vegetation types in the area. The pinelands of the
interior of Belize are restricted to, though not always

coincident with, the outcrcps of non-calcareous rocks.

Recent papers by Kesler et alia (1971) and Bateson and Hall
(1971, 1974), have described the geological history of the area.
The main mass of the Maya Mountains is compgsed of nmetasediments
of late Palaeozoic age (the Santa Rosa group) which were intruded
by granite batholiths during the Triassic. The mica—-granites of
one of these batholiths are now exposed over some 200 sg. kas.
of Mountain Pine Ridge, forming a slightly dissected plateam at
an elevation of 400-600 ma. This is the area known as the Granmite
Basin, amd the acidic rocks of this area now form the parent

materials for the soils of all the samgle sites (Pig. 3.2).

The Granite Basin is circumscribed to north aad southeast by
the arms of a crescent of hills, extending westwards from the
main bulk of the Maya Mountains. The northern limb is composed
of shéles and fine-grained sandstones and the elewation of the
area is congruent ¥ith that of the granite plateau.
Conglomerates become mcre important im the sedimentary sequence
~to the east, while the southern limb consists mainly of shales

and phyllites. Upfaulting of the rocks along the Cooma - Cairn
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fault has resulted in a range of hills (Forward Cairn, Granite
Cairn, the Bald #Hills), which rise above the Granite Basim to
elevations of 850-950 nw. These heavily dissected hidly areas

display local relief of 200 =.

The limbs of the sedimentary rim wshich su;rounds the Granite
Basin are open to the southwest, where the granite shelves gently
beneath Cretaceous limestones. These limestones are one of the
basal members of a carbonate rock sequence which now gutcrops
across the entire peninsula of Yucatan. ‘Marine carbonates were
deposited over this area froam the early Cretaceous %0 the Eocene
with only short- 1lived periods of crustal disturbance to
interrupt the sequence. Schuchert (1935) and W%right (1962)
suggest that the Maya Mountain upland resained an island
throughout this entire period of wmarine transgression. The
influence of this extended period of exposure on soil development
is discussed in the next section. The mantle of massive
limestones now supports broadleaved forest and has weathered to
“cone and tower® karst, dissected by streams draining the

impermeable rocks of Mountain Pine Ridge to the east.
3.3: GEOMORPHGLOGY AED SQILS

On the granitic rocks of Mountain Pine Ridge a weathered
regolith has developed tc a depth in places of 15 a. As in othet
tropical regions, the joint patterns in the granite control the

depth of the weathering profile and the distributicn of tors and



34

ruwares (Thomas, 1973). Only in the sesternmost parts of the
Granite Basin are valleys entrenched; elsewhere shallow valleys
and broad ipterfluves are found. In contrast, the valleys
developed in the rocks of the Santa BRosa group are steep-sided
with narrow interfluves. Regolith developed oa the shales of
this suite exhibits near-surface stonelines up to 15 cn. in
thickness. on some slopes massive arcuate terraces have

developed.

Several recognaissance soil surveys have been made in this
area. Charter (1941) divided the soils of Mountain Pine Ridge
into the Blancaneau series, formed over granite, and the Chalillo
series, developed over sedimentaries. These soils he noted as

possessing gqood external drainage and low lime status.

Darcel (1§52) and the British Honduras Land Survey tean
under the leadership of BRcmney (1959), vere the first to describe
the soils of Mountain Pine Ridge im any detail. All the soil
types in Mountain Pine Ridge were placed in the Pinol soil set,
vhich was then suhdividedvinto soil types based op texture and
lithology. The basis for the subdivision of each soil type was

the degree of truncation of the soil profile.

Further research on the soil types of the area was reported
by Furley (1968a, 1975a,b) from +three transects in the Bald

Hills. In each transect a dichotomous soil distribution was
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encountered; moist valley-bottom soils, rich im organic matter,
contrasted sharply with the eroded profiles on ridge-tops and
side-slopes, with 1low base-status and only small amounts of
organic matter. This same dichotoamy is evidgnt in the soils of
the gGranite Basin. Birchall (1973) describes the principal soil
type of the Granite Basin as follows:
"The most widespread soil on granite parent

material was fcund to be the Pinol coarse sandy

clay loam as classified by Wright et al. This

soil has developed over a thick nmantle of

veathered granite and has a coamplete range of

pine densities growing on it. The soil comsists

of a shallov loamy sand to sandy loam topsoil

containing @auch quartz sand and fine gravel,

overlying mottled gritty clay 1l1loam and mottled

gritty clay which grades gradually iptc weathered

granite. Quartz sand and concretionary iroastone

pebkles are soametimes found on the surface of

this soil and the moderately leached topsoil is

susceptible to sheet and gully erosioa®.

Birchall, ibid., p. 12.

Darcel reported pH values of 4.0 - 5.3 and very lov reserves
of available phosphorus (3 — 8 ppm (Humt, 1970)) and potassiuas
for the soils derived from granite. Purley .(1968b) reports
similar results for the soils of the Bald Hills, with pH readings
of 3.8 - 5.3 in the A horizon, available phosphorus reserves of 1
- 2 ppa and exchangeable pctassium values of 22 - 352 ppms. Soils
with very low reserves of potassium are restricted to the eroded
sideslopes, with the high values being characteristic of

valley-bottom soils.
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The low base-status of these uplamd soils is probably due to
a number of factors: a) intensive ©weathering of parent
materials; b) the sandy texture of the majority of soils; c) low
soil pH, linked to a high exchaggeable aluainium <ontenty which
tends to block exchange sites, and d) a clay fraction doninated

by 1:1 clay minerals.

Little research has been undertaken on the nutrient
requirements of Caribbean pine. A series of experiments reported
by Hamzah (1966, 1968) and Anthony (1971) are the sole source of
information on this topic. Their results show that B, garibaes
exhibits optimum growth at nitrogen, phosphorus and potassiusm
levels of 50 - 125 ppm, but stress that good growth is maintained
even on very infertile substrates, such as the soils of the
coastal plain of Belize, which are egquivalent in their nutrient

status to the soils of Mountain Pine Ridge (Bazan, 1969).

The very low base-status and deep regoliths of the soils of
the study area indicate their senility, and lend suppart to the
opinion that this area has been exposed to the processes of
sub-aerial weathering fcr long periods of geological time. These
features, and others such as the highly mottled subsoils and
textural B horizon, are all properties that have been reported
for senile socils in other savanpa environments in the Neotropics
(Hardy, 1958, 1960, 1962; Ahmad and Jones, 1969; Hutchinson,

- 1970) .
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3.4; CLINATE

The country of Belize experiences a tropical climate
characterised by strongly seasonal fluctations in rainfall aad by
.slight annual variatioms in teaperature. The Mountain Pine Ridge
area, because of its altitude and positiom in the dee of the Maya
Mountains, bhas a somewhat cooler climate than the rest of the
country (Fig. 3.3). Climatic data for three statsions in Mountain
Pine Ridge are available (Augustine, Ccoma Cairn and Mai Lookaut)
but only the first two have 1lengthy records. The data frona
Augustine can be taken as representative of the climate of the
G6ranite Basin, and that of Cooma for the Bald Hills and the
wetter eastern part of the Porest Reserve. Figure 3.4a shows the
pattern of @mean annual rainfall for these two stations. The
contrast between wet (June- January) and dry seasons (Feb.-May)

is the dominant feature of the local climate.

The dry season invclves not only a relative decrease in
rain-days and rainfall (Fig. 3.4b), but also an absolute water
deficit in the months from February to May in Augustine and March
and April at Cooma Cairn (Table III.1). The onset, intensity and
length of the dry season are unpredictable phenomena. Contrary
to the views of Romney et alia (1959), the calculated
coefficients of variation for monthly precipitation (Table III.Z2)
indicate that the amount of rainfall in the dry season months is
- more variable than that during the wet season. Rainfall ia the
sonth of May for instance may vary from <25 am. (~15% of years )

to 200 mm. (~8% of years).
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; TABLE III.1: WATER BALANCE COMPUTATIONS (Thotnthnaite's Method),
' FOR REPRESENTATIVE STATIONS IN THE STUDY AREA.

It is assumed that scil depth at these stations is 1.5 =.
and the total water storage of the soil ptofile is 300mn.
All measurements are iro ss.

1 AUGUSTINE, BELIZE. " {

- - e -—— - - - — - - - - -—— - -— - .--—:-.

| _

§ Variakle Month
[ J F M A . | J J A S O ¥ D  IR.
Pt e S e e Dt Dt e T -

§ P.E.T. 56 63 89 11 152 151 10 118 112 97 66 61 122%
| .

1 P. 86 48 44 51 90 158 146 162 232 236 180 105 1539

i
|{Storage 300 286 245 198 160 167 173 217 300 300 300 300

| ' :

| A.E.T. 56 62 85 98 128 151 140 118 112 97 66 61 1178

] :

| Deficit 0 1 5 17 24 0 0 0 0 0 0 0
|

-} Surplus 30 0 0 0 0 0 0 0 38 139 114 &4 365
i

'o-— - - > - — WP T W e > > n < - - o = alyen

&
-
GEs Gye Gue GE Qe GED Guo GES Gue Vs GEn Ams Gue SR Gue W

i COOMA CAIBRN, BELIZE

| Variable Nonth '
] J F ] A M Jd J A S 0 | D - IYR.

; | P.E.T. 51 52 78 105 127 118 115 111 100 86 56 50 1089
P. 161 82 70 74 83 202 231 161 225 253 318 168 2025

Storage 300 300 293 264 228 300 300 300 300 300 300 300

A.B.T. 51 52 77 103 119 119 115 111 100 86 56 50 1039

Deficit 0 0 2 8 ¢ 0 0 0 O G G 0 10

Ssurplus 30 0 0 O 11 116 50 125 167 262 118 110 989

S ey e e GES e GES g SIS e YD ape

P.E.T. = Potential Evago-Transpiration
P. = Precipitation
A.E.T. = Actual Evapo-Transpiration
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Portig (1965) considers that the rainy season in Belize is
divisible into three distinct time periods. The first period,
associated viﬁh the first zenithal passage of the sun, lasts frosms
May to the end of June, and a second zenithal passage in July
results in a secondary rainfall maximum in August and September.
Outbreaks of "nortes®, polar continental air froama North America
crossing the Gulf of Mexico, bring heavy rain and temporarily

lovered temperatures to Belize from Octocber to January.

Air temperatures at Augustine vary from waonthly ameans of
20.3' C in Janunary to 25.8°'C in May and June. MNonthly maxima are
also highest at the e€end of the dry seasom, reaching 28.3°¢C in
May, with wmonthly m=minima dropping to 15'C in January and
February. Because of its elevation Cooma (900 a.) experiences

temperatures generally 2*C less than those at Augustine (450 m.).

Climatic variables exert strong influences on the fecundity,
mortality, phenology and grovth of Pinus caribasa. The male
strobili of P. caribaea begin to release pollen in Novenmber.
Research on other gyanosperas (e.g. Allemn, 1942; Lowry, 1966),
indicates that the size of the resultant seed-crop is strongly
controlled by the amocunt of rainfall during the period of pollen

release as dessication causes the female strobili to abort.

The conelets, once fertilised, develop over a 19—lonth
period, and seed is released from amid-June to the end of July in

- most years. The amount of rainfall and temporal distributiomn of



' TABLE III.2:

VARIABILITY OF THE ANNUAL AND MONTHLY PRECIPITATION
THE COEPFICIENT OF VARIATION

IN

THE STUDY AREA.
OF PRECIPITATION IS CALCULATED AS THE RATIO OF

THE BEST ESTIMATE OF SAMPLE STANDARD DEVIATION TO

SAHNPLE MEA).

| Variable
J
P. 86
Sample
S.D. 51
|Best Est.
jof S.D. 52
|
jCoeff. of
{Var. (%) 62

AUGUSTINE, BELIZE.

F B A
48 44 51
28 35 61
28 36 63
57 82 124

:
B

79

88

158

19

81

51

D D DD DD P D D P D D D D D D D D D - . D P D D W WD - -

146

77

79

54

P. = Mean precipitation (mas.)
Sasple S.D. = Sample standard deviation

Best Es
Coeff.

t. 0f S.D.
of Var. =

--- -==1
I
A S O N D YR. |
—— ---l
162 232 236 180 105 1539
69 125 98 95 66 291
70 128 100 97 68 297
54 65 19

43 55 42

»
L X W R W % ¥ ]

= Best Estimate of Standard Deviation
Coefficient of variation as a percentage
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storas at this period 1is critical for pine gersination, which
under optimal conditions takes 10 days. An extended period of
dry weather in these early weeks of the rainy season will delay
germination and allov grcund-feeding seed-predators more time in
which to 1locate seeds. Pericds «c¢f altermating wet and dry
weather may produce a large seedling crop which then suffers
heavy mortality from subseguent dessication. Optimal conditions
would appear to be a coabination of continuous surface
soil-moisture levels at or near field-capacity, with fairly high
humidities amd clcud cover to reduce evaporation from the soil

surface.

Moisture stress induced by periods of low rainfall, high
evapo—-transpiration rates and the good external drainage of local
soils, is one of the main controls on pine growth rates.
Physiological drought, particularly during the lomg dry season,
but also during shorter periods <c¢f @amoisture deficit, causes
cambial cell division to slow, and latewood bands to be formed
Consequently each individuval of P, caribaea, with the exception
of those trees growing in moist valley-bottom scils, exhibits
nrings® produced during these pericds cf moisture stress. As
there may be several such periods each year the trees forna
several rings per year (2-3 are common) with the result that

age-dating of trees by ring-counting becomes extremely difficult.

HBurricanes are a frequent but unpredictable eleaent im the

climate of Belize. High rainfall and localised flooding
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associated with the passage of these tropical sterms across the
western Caribbean area in July - October are admost an annual
occurrence. However the passage of a hurricane across Belize
itself 1is fortunately amuch 1less frequeat, generally occurring
only once in a decade or so. Hurricane damage to forests
resulting from high winds depends upeon the distance from the
storma centre and the intersity of the hurricane, but in most
cases mechanical damage to trees is only severe for a distance up
to 25 kilometres froam the eye. The only recorded storm to strike
Mountain Pine Ridge directly was Hurricane Hattie in 1961, when a
great deal of pine wvas sindthrown, particularly in those areas
where logging had opened thé tree canopy. Such catastrophic bat
irregular events represent an important factor that sust exert
considerable influence on the population dynamics of all ferest
types im Belize, including the pinme savannas of the study area.
At the moment the magnitude of this control is umknown, partly
due to the 1low priority accorded to ecological research in the

aftermath of a hurricane.

3.5; FIRES

Mountain Pine Ridge, in coamon with other Neotropical
savannas, has a history cf frequent fires. The pinelands of
Mountain Pine Ridge are currently divided into a protected of
“control® area, roughly ccincident with the extent of the Granmite

~ Basin, where fires are rigorously suppressed, and an outer area
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{the Bald Hills and Macal vatershed) wvhere, because of limited
accessibility,-fite-fighting aims at containment rather than
suppression. WNithin the last few years the encroachment aof fires
onto the protected area has led to systematic efforts to extend

the control area over the entire pine savanna.

It is only 1in the 1last decade that records have been
available from the Forestry Departient of Belize on the frequency
and extent of fires in Mountain pPine Ridge. The figures
presented on fire incidence therefore represent the "controlled®
situation and prior to 1960 fires must have been considerably

more extensive in this area.

Fires are most common in the dry season, particularly in
April and May, when a coabination of low precipitation, high
evaporation rates and low humidities dry out the grass and litter
and produce a highly flammable fuel-bed. Towards the end of the
dry season the fire hazard beccmes extreme due to the frequency
of stormas which produce a great deal of lightning but no rain.
Whilst 1lightning fires are frequent in the rainy season they are
often extinguished by accompanying rain before being fought.
Almost all ligﬁtni:g fires start during the day, particularly in
the afternoons (Fig. 3.5c). Man-set fires may occur at almost
any time of thevyear, but are most freguemt in the dry season,
some of them resulting from amilpa fires in the rain-forest which
~ escape into the pinelands. The effectiveness of fire protection

within the control area is witnessed by the fact that the average
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fire covered oaly 54 ha. (133 ac.) in the period 1963-1973,
compared to 180 ha. (400 ac.) for burns outside the contrel area.
Forest Guards and Rangers who have lived and worked in HMountain
Pine Ridge since the foundation of Augastine in the 1940°'s
resember conditiors in which burns were much more extemsive and

fregquent than at the preseat-day.

Burns which overran almost the entire pine ocutcrop are known
to have occurred aé recently as 1945 and 1949, with other
extensive fire events in 1953 and 1955, prior to the publishing
of detailed fire reports. Some of the early photographs of
Mountain Pine Ridge (e.g. Lundell, 1940), show large expanses of
open pine savanna with very little regeneration of either pine or
hardwoods, which confirm the oral evidence of destruactive and
frequent fires. The circuamstance of fires overrunning the entire
area of Mountain Pine Ridge is inconceivable at the present-day,
and the data indicate that the recurrence interval for a fire at
any point in the contrcl area is now of the order of 100 years.
The figure of 18 years recurrence interval for fires outside the
control area at the present time is probably indicative of the
reqularity of fires over the entire pine savanna in the period

prior to fire-protection.

Despite its obvious limitations, the data on fire occurrence
present some interesting features. Previous research on the
factors responsible for the genesis and maintenance of pine

woodlands in tropical and subtropical environments has stressed
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man®'s use of fire. 1In contrast, the role of lightning fires has
been ignored or considered secondary, probably because nmost
research has taken tglace in areas of medius or high population
density. In the sparsely settled area of Mountain Pine Ridge,
hovever, 1lightning fires accounted for 66% of the fires recorded
between 1960 and 1973, Lightning fires are mnot only more
frequent, but also more destructive than man-caused fires,
averaging 237 ha. {585 ac.) as compared with 71 ha. {176 ac.)

for fires started by human agency.

The relative importance of man-set fires may also have
changed. The delibefate setting of fires by hunters or cattlemen
to provide fresh grazing is still a major problem for foresters
in the coastal pine savannas of coastal Belize, as well as the
pinelands of Hopduras and Nicaragua, but has been virtually
eliminated in Mountain Pine Ridge. At the present time the
man-set fires in the study area are due either to British Aray
personnel who conduct exercises in the area, or stea fronm

carelessness by transients or permanent residents.
3.62 ORIGINS OF THE MOUNTAIN PINE RIDGE SAVANNA

The major point of contenticn in the controversy over the
origin of Neotropical =savannas concerns the role of fire,
particularly fires set by man, as a factor in the genesis of
savanna envirocnments. Cook (1909), was probably the first to

~ suggest that pine savannas in Central America vere man-made. He
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argued that the pines had invaded sites formerly occupied by
broadleaf forest, succeeding on soils that had beconme
progressively impoverished through shifting agricultural
practices. Most research since has tended to support Cook's
conclusions (see, for example: Durland, 1922; Holdridge, 1947;
Allen, 1955; Budowski, 1959; Denevan, 1961; Taylor, 1962, 1963;
Munro 1966), but almost all of this supportive research has been
undertaken in the highland pine savannas of Nicaragua, Honduras,
and Guatemala. 1In contrast, work on the coastal savannas has
generated a countervailing theory (Charter, 1941; Beard , 1953;
and Hardy, 1960). These authors contend that the pine savannas
of the Atlantic coastal plain of Central America are all the
result of edaphic factors, being limited in every instamnce to
acidic, seasonally waterlogged soils. The recurring fires in
these savannas are thought to be a @maintaining, rather than a

generative factor.

In the case of Mountain Pine Ridge there is a lack of pgima
facie evidence for either of these hypotheses. The available
data indicate a total lack of coincidence between the
geographical extent of Mayan settlement and the pinelands in
Belize (Thompson, 1966; Prendergast, 1969, 1970). No house sites
or agricultural earthworks are known from the area of acid soils
in Mountain Pine Ridge (Bullard, 1963), although there is a
plethora of such archaeolcgical remains on the nearby river

terraces and limestone plateaux of the Belize Valley, areas which
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are still cultivated by shiftirg and permanent agriculturalists
at the present time. This 1lack of geographical coincidence
between savanna and cultural landscapes, hoth in the past and at

the present, casts deoubt on the validity of Cook's hypothesis.

Perhaps the most convincing refatation ~of Cook's theory
however 1is contained in papers by Tsukada (1966), Tsukada and
Deevey (1967) and Vaughan (1976) . Their palynological
investigations in the Peten led to the startling comnclusion that
savanna was at its most extensive during the period 4000 - 1000
B.P. (i.e. pre-Formative to late Classic Mayan Empire), when
the pollen rain was dominated by grass, oak and pine genera.
Since that time there has been a considerable jincrease in the
proportion of rainforest species, with oak and pine pgllen
diminishing sharplye. They conclude that the rainforest itself
may to a large extent be a cultural artifact, rather than the

savanna.

The historical continuity and antiquity of savanna
comaunities in Central America 1is further demomstrated by the
fact that the avifauna of the coastal savannas coptains a number
of endemic sub-species (Howell, 1971), and the finding by Kellman
{1975) of charcoal fragments (carbon-dated at 11,220 B.P.), in a
soil profile in the Bald Hills, substantiates the claim that
fire, and, by extension, savanna vegetation, may be of
- considerable antiquity in the area. Indeed, the coastal savannas

of Central America, like those of northern South Aaserica, iay
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well prove to have existed throughout the Plio~-Pleistocene
(¥ijmstra, 1969), their extent fluctwating with every change in
climate and sea-level. If fire is to be retained as the prime
generative or maintaining factor in savanna areas, these
communities must result fronm recurrent lightning fires,
exacerbated by man-set fires in the post-settlement period. 1In
dry years lightning fires may erupt ia the broadleaved forest in
Belize, and within the last thirty years four sauach fires, each
fairly severe, have been recorded in the rainforest of the
Chigquibul Reserve immediately to the south of Mountain Pine
Ridge. 1In the years fcllowing a hurricane the chances of such a
fire starting, and the rate of spread of the burn, remain the
same as in normal years, (Wolffschn, 1967) but the amount of
windblown material on the forest floor produces a very hot burm
which <causes severe damage. For exanmple, the passage of
Hurricane Hattie through southern Belize in 1961 created a
considerable fire hazard (Wolffsohn, op.cit.). The damage from
the fire may be so great that only a regrowth of bracken
(Pteridiup aguilinium) or "tiger-bush” (Digranopteris pecitingta)
vill persist in the burned area. These fern—-dominated ecosysteams
carry fire much more readily than broadleaved forest, and so the

frequency of burns may be increased.

Although the savannas of Mountain Pine Ridge are restricted
to areas of acidic parent-materials and infertile soils, as

" required by ‘the *edaphic* theory, this is not a wuniversal
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condition in Belize. Other outcrops of granitic rocks occur to
the south and east of Mountain Pine Ridge, but with the exception
of some 1isolated ridgetops shich- support pines, these are
otherwise covered with brcadleaf forest. No climatological data
are available for these cther areas of granite to the south and
east of Mountain Pine Ridge, but Romney et glia (1859) claim that
auch higher amounts of rainfall are received in these areas than
in Mountain Pine Ridge, which lies in the rain-shadow of the Maya
Mountains. Consequently the probability of fires in the dry
season may be much reduced, and any pines that did occur would be

limited toc the drier sites such as ridgetops.

The reasons for the absence of pines from the dimestone
areas between the Maya Moumntains and the coastal plain are
obscure, but an explanation is provided by the possibidity that
the fungal symbionts of B, caribaea var hondurensis are
acidophilic (Janos, pers. conm.) . The absence of suitable
mycorrhizal syabionts from the soil would effectively exclude
pines from these areas, and the post-fire succession would be

directed to broadleaved ccsmunities.

Until 1local palynological data become available, the
vegetation history of the study area from the late Pleistocene to
the present aust remain a matter of speculation. However, in an
area like Mountain Pine Ridge Bidge the infertile soils can only

have supported at best a slow-growing brocadleaved woodland.
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Lightning fires in this type of ecosystem may initiate a positive
feedback series tendirg tc¢ produce further impoverishment of the
soil due to post-fire leaching and erosion, an open vegetatiom of
still slower growth and biomass, soil dessication in the dry
season due to the reduced vegetation cover, amnd a copseguent
increase in the frequency of burns. This synergistic sequence
should favour the establishment of a fire-resistant and tolerant
vegetation type, in which, given an available seed source, pines
will figure prominegtly. Once established, these pine-grass
savannas Mmay represent a homeostatic condition as long as fires

are a persistent and frequent element in the environment.

Thus, the pine savapnas of Mountain Pine Ridge can be
considered to have developed in response to fregquent lightning
fires, which were on occasion exacerbated by the effects of
hurricanes on a vegetation type rendered prone to fire by the
long dry seasons, low rainfall amounts and infertile soils of the

locality.
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CHAPTER_FOUR; YEGETATION OF MQUNTAIN_PINE RIDGE
4,13 VEGETATIQN CLASSIFICATION

To the wvisitor froam temperate 1lands, the vegetation of
Mountain Pine Ridge has & suprisingly familiar look. Tourists
and botanists alike have remarked on the superficial similarity
with the pinelands of the southeastern 0.S.A., the New Jersey
Pine Barrens, or the Pcnderosa pine grasslands of western ©North
America. This apparent similarity steas from the visual
dominance of P, capibaea interspersed with small trees and
shrubs and an ecologically dominant stratum of grasses and sedges
{(Fig. 4.1). Certainly this and other pine savanna areas of
Central America contrast greatly in species composition and
diversity of both flora and fauna with the sea of tropical

rainforest that surrounds thena.

Botanical surveys of Mountain Pine Ridge were first amade by
teams froa the University of HMichigan and Caranegie Institution in
the 1930's, and several papers were subsequently published on
their collections (Bartlett, 1936; Standley and BRecord, 1939;
Lundell, 1940). Bartlett was impressed at the time of the first
expedition (1931) with the extensive systematic and vegetational
knowledge of Mayan Indians, and he retained their descriptive
terminology for his classification of the vegetatiom of nountaiﬁ
Pine Ridge. The 1local nomenclature recognised three phases of

pine savanna (='pine ridge‘)



Fic, U,1: THE 6RANITE zASIN 1M MounTAIN PINE
RipsE, THIS AREA, WHICH WAS LAST DURNT IN
197!, 1S LOCATED 8 KM. NORTH OF AUGUSTINE,
AND IS TYPICAL OF THE OPEN PINE-SAVANNA
LANDSCAPE OF MUC!I OF THE STUDY AREA,

P16, 1t,2: A DETAILED VIEW OF THE ABOVE. SHRUBS
SUCH AS CURATELLA AMERICANA (X), MIconIA
ALDICANS (Y) AND DYRSONIMA CRASSIFOLIA FORM
A SPARSE UNDERSTORY.
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Pinar {(Pinal) — ?*pure' pine woodland
Encinal - oak woodland

Nanzal - Byrgopjima woocdland

In their survey of the vegetation of Belize Romney and
Wwright (op.cit.) classify the vegetation of_ﬂountain Pine Ridge
as "pine forest and orchard savanna without lime-lcving specias*®.
Again three phases are recognised:

OAK - pine - florosul forest

OAK -~ pine - Clusia spp. forest with
abundant silver pimento

SAVANNA grass with scattered pine, oak,
Leucpothoe sp., Clusia spp.

Hunt (1970) rightly criticises these classificatory schemes
for being both misleading in terms of the suggested doaminance of
the tree stratum over the herbaceous 1layer, and alsc for the
prominence they give tc certain minor tree species. He notes (p.
7)., that florosul (Tabeimia rosea) wvas never recorded in the
pine savanna in his surwvey, nor was it observed by ayself. A
further criticise is that (Clusia spp. are only infrequently
found in the savannas, as small epiphytes on the roots of pines,
or else as.larger free-standing trees along watercourses. Hunt
{op.cit.) adopts Beard®s (1953) terminology fcr neotropical
savannas in his o¥n werk cn the vegetaticm of the study area.
Whilst noting the ecological doainance of the herbaceous stratua,
he states that the visual appearance of the savanna is controlled

by the density and diversity of the arborescent layer.
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He stresses also that the plant composition of the savannas
reflects the moisture status of the stand as well as the history
of disturbance. A somewhat idealised view of this relationship
can be obtained by using a topographic sequence as a surrogate
for moisture availability. In valley bottoms the ground layer is

dominated by nésogg;gg filifolium, Rhynchogpora globpsa, and, in
| areas where waterlogging is fregquent, "cutting-grass® (Sclgria
bracteata) and Andropagon virgatus are coamon. Cluaps of the
palmetto Acoelorraphe ¥rightii are found.

Oon the sideslopes and interfluves the character of the
vegetation changes copsiderably. Apart from the pines, which
dominate the tree stratum in both height amd total basal area,

The following small trees and large shrubs are common:

Quercus oleoides
Quercus pupulhaga
Quercus hondurensis
Byrsonima grassifolia
Clethra hondurensis
Lencothoe mexicana

Rsidium anglohopdurense
Schippia caoncolor
Enallagma latifolia
Terpstroemia tepezapote
Curatella americana
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These and other members of the flcra are indicative of the
dual gqeographic origins of the savanna plants, with South
American genera (Byrsonima, Psidium, Curatella) intermingling
vith elements from North America and Mexico (Pinus, Quergus,
Myrica). The shrub and sub-shrub layer is also an important
component of the pine savannas (Figq. 4.2), dominated by
melastomes, particularly Micopia albicans and Cljidemja ruklra,
with composites (Calea spp.), cycads (Zamja furfarea), legumes
(Calliandra hgustonjana, Cassia_spp.) and vines (Davilla kunthii,
Inga spp.) being fairly frequent.

The herbacecus layer on the sideslopes and interfluves is
dominated by grasses, especially Trachypogop angustifolijus,
Paspalun pectinatuam, and, in drier sites, Andropdgon
picrostachyus. The density of these bunchgrasses is related to
the dryness of the site, with more bare ground appearing in areas
with thin or gravelly soils. Sparse populaticns of herbs such as
Polygala adepophora, Burmapnia capitata, or Bulbostylis paradoxp
occur in these drier sites. A full 1listing of the flora

collected in the study area is ccntained im Appendix B.
4.,2: FPIRE ECOLOGY OF THE VEGETATION

Pines, like other tree species, can be killed by fire in two
vays, either through destruction of the terminal buds, or by
heating of the cambium akcve a temperature of 65* C. The thick,

platy bark of Caribbean pine serves as an insulating layer to
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protect the cambium from excessive heating. Bark layers may he 1
ca. thick during the seedling stage and 2-3 cm. thick in mature
trees. The terminal buds are protected from fire by their

location in a skirt of heavy needle growth.

Whereas many of the hardwoods that occur within the pine
savannas are capable of rapid regeneraticn following a fire, P,
caribaea is not so adapted. Indeed, in comparison with some
subtropical pine species, Caribbean pine appears vulnerable to
fire. Longleaf pine {Ps palustris), goes through a
"grﬁss-stage" where the terminal bud of the seedling lies on the
soil surface protected by very heavy needle growth froi fire
damage, while P, arpa 1is capable of regenerating from its
roots after a severe burn. P, caribaea has evolved neither of
these strategies, instead it grows rapidly through the vulnerable
seedling stage, and couples this with a propensity to abort the
dead lower branches of the tree, which reduces the likelihood of

a fire “crcwning".

Data on pine mortality in burns in Mountain #Pine Ridge is
found in internal reports of the Forestry Dept., notably those of
Moody (1964) and Hudson (1972a,b). Moody recorded 90% mortality
for pines below 2 m. in height and 38% mortality for trees
between 2 and j m. after a fire in 1964. Pine mortality from
fires breaking out in 1972 was enulerated_by Hudson at a nuaber
of stands, with a total sampled area of 1.2 ha. {3 ac.). Death

rates were again highest in the seedling classes (Fig. 4.3), but
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even the largest btrees vere susceptible, with trees over 6.5 a.
suffering 12% mortality overall and 30X mortality in a 0.4 ha.

(1 ac.) subplot.

Further comparisons may be made with a 1 ha. plot sampled
from a burn that had taken place in 1971. MNcne of the pine
seedlings on the sampled plot survived while the probability of
survivorship increased to 100 ¥ for pine trees with basal areas
>200 sq.cm. {~>12 n. in height). More than 95 %X of the
hardwoods had sorvived and were regenerating, either froa
epicormic sprouts (Byrse¢hima) or from shoots produced around the
root collar (Quercus spp., Clethra). The fire reports submitted
by District Forest Officers responsible for the Mountain Pine
Ridge <contain further anecdotal information on fire-related
mortality. The majority of reports classify the damage to pine
stands as "nil" or "negligible™. 1In some instances an estimate
of mortality amongst regenerating pine 1is given. From an
examination of these reports it would seem that the mortality in
the fire reported by Mcody (op.cit) is slightly less severe than

most fires in Mountain Pine Ridge.

The rate of spread of a grass fire varies with wind-speed
but in general burns travel at between 6 - 10 a. (20-33 ft.) per
minute (Wolffsohn, 1965). Fires moving at rates geater than 13
m. (40 ft.) per minute are rare, and above this speed the burn
travels by " ®"spotting™ ahead rather than "running®. In windy

conditions spotting may be occurring in a zone up to 0.8 ka.
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(0.5 mile) ahead of the main fire-line. Fires can start in the
crowns of pines and palmettos (Acgelgrraphe wsrightii), or
occasionally in dead trees, but the low density cof trees in these
upland pine forests prohibits the transamission of fire from one
pine crown to ancther and true crown fires therefore seldon
occur. The main fuel source for burns is the grass and sedge
stratum augmented by accumulations of grass, pine and hardwood
litter. Grass regrowth after a fire 1is fairly rapid,
particularly during the rainy season. After one such bura in
1973 the grass cover was observed to increase from 3% of ground
area tvwo months after the fire to 24% cover c¢ne Yyear later.
Wolffsohn (cp.cit.), states that three months of grass regrowth
is sufficient to support a burn in "High® fire hazard conditions,
and after a year a fire will travel as rapidly in this young

grass as in much clder fuels.

Although the ground-cover of grass regrowth increases
rapidly after fire, the grass biomass in these young stands is
very small compared with that in -older stands. The grass
'regrovth in the burn referred to above had attained a dry weight
of only 0.2 kg./sq.m. by the end of two months and 0.24 kg/sq.m.
after a year. Open pine stands cf geater age (5 - 15 yrs.) nay
have a current grass crop of up to 0.6 kg/sqg.m. Immediately
following a burn scorched needles cover the groupd to a depth of
1 - 2 cms., weighing 1.0 - 1.5 kg/sg.m.. These are fairly

extreme figures, attained only in dense pine stands after severe



62

fires when auch of the needle crop may be singed. More typical
values would be in the range of 0.2 - 0.25 kg/sq.m., with a
patchy distribution of needles on the ground surface.
Wolffsohn's contention that the fuel-bed is sufficient to support
a fire after a respite of three months sould seeama to be more

plausible for pine litter fuels than for grass fuels.

No data on teaperatures produced by these fires are
currently available but comparisons may be made with other
savanna areas. There is a génerally recognised dichotomy in the
literature on fire - research between "hot" and "cbld' grass
fires. Cold burns are characteristic of areas where fuel is
restricted, either because of the nature of the vegetation, or
the frequency of fire events. Pitot and Masson {1951) and Beadle
{(1940), working in W. Africa and New South Wales respectively,
recorded surface temperatures of 80 - 200°C during the passage of
a fire-front thrcugh short-grass savanna. Their results may be
contrasted with those cf Hopkins (1965) in Nigeria and Masson
(quoted in Hopkins, ibid) in the Sudan. Maximal temperatures of
850' C were noted in these buras in long-grass savanna. There is
no doubt, however, that burns in Mountain Pine Ridge vary
considerably in their severity. As fire protecticn measures
become more efficient the regular "cold" burns of the past are
being reduced in frequency, and as fuel is progressitelj
accumulated the fires of the future in Mountain Pine Ridge may

 "Well prove to be much more severe than those of the past.
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4,3: VEGETATION SUCCESSION

The fire - protection policy in Mountain Pine Ridge,
originally implemented in an attempt to encourage pine
regeneration, has led, paradoxically, to successional changes in
the pine savannas which have resulted inm reduced pine
establishment (Jchnson and Chaffey, op. Cit.)e. Where fire
protection has been successful, stands are undergoing changes
wvhich include: <closure of the tree canopy as the initial flush
of pine regeneratien converts pine savanna into pime forest,
revitalised growth of fire-tolerant hardwsoods, especially the
oaks, and, in the savanna-rainforest ecotones, the invasion of
fire-sensitive species which were formerly excluded froa the

pinelands.

This situation is equivalent to the successional changes
reported frcr other areas of Caribbean pine (Parsons, 1955;
Munro, 1966), and analagous to those in the 1longleaf and slash
pine stands of Plorida, and the shortleaf and loblolly pine
stands of the Piedmont of the U.S.A. (Billimgs, 1938; Heyward,

1938; McQuilkin, 1940; Bard, 1952; Clewell, 1970).

In each of these cases the pines are gradually excluded from
the community by conditicns which inhibit their regeneration, and
the pine populations consequently undergo a rapid transition frdn
an expanding to a declining Population structure within a few

decades. There is no universal explanation for the decline of
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the pine populations in the studies rewiewed above. 1In each case
the controls on population recruitment appear to be
species-specific. The trigger for this demographic decline |is
reduced establishment of seedlings, either because of increased
seedling mortality, or through declining germina tion. The data
presented by Johnson and Chaffey on size-class structures of pine
in savanna, open woodland and pine forest environments (Eig.
4.4), are indicative of the extent of the decline in Caribbean

pine populations with fire exclusion.

As a first step in analysing the dypamics of P, carihaep
populations a range of stands of various ages and densities were
sampled in the study area in order to formulate some prelimipary
hypotheses about the relationships among stand history,

pine-population structure and dyramics, and stand environment.

4.31; sSelection of Stands for Vegetation Sampiing

Sample stands were selected on the basis of several
criteria. Firstly, each stand had to be fairly homogeneous in
its age—stthcture and species-composition, buffered by a more
extensive area of similar structure. Secondly, the age of the
stand must be estimable. Stand ages were derived either fros
fire-history data or frcm an analysis of the age-structure of the

trees on the plot.

virtually all of Mountain Pine Ridge was burnt ever in the

fire of 1949, and this was taken as a base-year for estimating
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the maximum "age® of stands. The choice of sample stands and the
delineation of their recent history proved to be the single nmost
intractable problem encountered in the research programme. The
tree-size distribution and species composition of a stand of P,
caribaea is a palimpsest, recording the effects of a host of past
and recent influences. Lasb (1950), contends that the major
influence on wirtually all the stands in the study area is the
fire history of the stand. This includes not ondy the date and
intensity of the last fire event, but also the freguency and
intensity of previous fires. As mentioned in Chapter Three, fire
records only exist for the period from 1961 tc the present for
Mountain Pine Ridge, and the extent and intensity cf prior fires
is known only from oral evidence and scattered comments in the

Annual Reports of the Forestry Department.

Superimposed on the effects of fire are the compound effects
of logging, thinning and clearing of "weed" tree species. These
processes have touched all the stands in the Granite Basin at
some time or another in the last twenty years. Toc some extent
these 1latter processes are akin to fire in the effects that they
have on the stand, particularly as, until 1960, control burning

of logged stands was an accepted practice in Mountain Pine Ridge.

Unfortunately no records exist of the dates at which certain
areas were cutover, and the data on thinming regimes are equally
sparse. Consequently the reconstruction of the history of a

stand, and the intensity of disturbance that it has suffered, can
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be achieved in many cases only by analysis of the

age-distribution of the pine papulations foraming the stand.

The task of delineating stand history is further complicated
by the fact that the multigle growth flushes of P, cariibaea in
a single year, presumably in response to moisture availability
(Hughes, 1970), are reflected in multiple latewood bands in the
stem. Stem age can therefcre cnly be determined by an attempt to
discriminate between ®false" rings, 1laid down during short
periods of water deficit, and ®annual®" rings, produced during the
long annual dry season. Often the #annual® ring may consist of a
coalescent series of %false" rings which seem to represent a
single drought event. Fortunately, the problem is least acute in
the Granite Basin. Hughes (op. cit., p. 339) states: %samples
(from the Granite Basin) showed a clearly defined ™annual®" ring
with few P"false" rings, a pattern which reflects site conditions
where there 1is adequate rainfall and good rooting depth".
Kellman (1976) notes that these #false" rings cannot be
distinguished frons "apnpnual® rings on the basis of I-ray
densitometry, and suggests a techniqgue of calibratiom using core
sasples from plantation trees of known age. This technigue was

independently employed in the fpresent stadye.

A further critericn for stand selection was that all stands
had to be on topographically similar sites, namely, flat
interfluves.  Finally, the sample stands sere chosen so as to

give a wide range of pine densities in each stand age-class. A
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total of 17 stands in the Granite Basin area were wultimately
selected. The distributicn of the saaple stands is shown in Pig.
4.5 and the data for each stand are summarised in Appendices C

and D.

4.32: Stand pescriptign; . Vegetation

Within each stand a sample plot of 20 m. x 20 m. was laid
out at random, and data were cc¢llected on the basal area (by
species) of all trees within the plot. A 10 % sample of pine
trees (i.e. every tenth tree sampled) vwere cored with an
increment borer, and the age of each tree was estimated. In
addition the height of all pine seedlings (trees < 2 m. in
height) was recorded, and the percentage ground caever of all
trees and shrubs with steam basal areas of < 15 sq. cm. was
estimated. The vegeiation data for each stand are presented in

Appendix C.

In forest stands in which active regeneration of the canopy
species is occurring, the size—ciass or age-class distribution of
the species population assumes a reverse J - shape, and can often
‘be represented by a negative pover function (Hett and Loucks,
1971). Where the population is not regenerating, and population
size is declining with time, the age-class or size-class

distribution departs from this model.

The data from the field sample stands (Fig. 4.6) indicate

that the applicability of this mcdel to these sites is dubious.



69

SCALE 1:500.000
[ % Km.
) —

/ A\ A
Major Rosds  semsumsmmm—"
Comours (W) e -
Pine Ssvanna —— —
Soundey

Stands =

e s e S L

F16, 4.5: LOCATION OF THE SAMPLE STANDS IN THE

STUDY AREA




70

It is apparent that in most of the older stands (#2,5,6,10,11 and
15) the pines are failing tc regenerate theaselves, as there is
an almost total lack of seedlings in the population distribution.
In only two of the older stands (#13 and #14) is regeneration
occurring, and thése anomalous stands are ones in which selective
logging has taken place fairly recently. These data confirm and
supplement the preliminaiy conclusions derived from the tables of
Johnson and Chaffey (op. cit.) presented above. The next
chapter wvwill return to this theme and discuss in detail the

dynamics of the seedling populations.

Although the numbers of pine individuals decline with
advancing stand age, Caribbean pine still reamains the dominant
tree species in all the stands sampled (Fig. 4.7}. There is an
increase in the total kasal area of hardwoods with stand age, but
in the sample stands tPey account for only 8% of the the total
stem basal area on average. In only one stand ({#12) did the
hardwoods attain > 20 &% of this value. The histograms of
hardvood basal area per stand (Fig. 4.8) demonstrate the
dominance of three genera in the hardwoods flora: pByrsogima
crassifolia, Clethra hopdurensis and the two comacn species of
oak (Quercus oleoides and Q. purulhana), accounting for some

80 % of the total hardwoods basal area.

Shrub cover averages 21 ¥ of ground area in the sample

stands, and like the hardwood tree cowver, tends toc increase uith
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stand age. The shrub layer is dominated by asmbers of the
Melastomataceae (9 spp. recorded), particularly Micgpia albiganms
and the sub-shrub Clidepia rubra. Seedlings and small steas of
the proainent tree species are also common members of the shrub

layer.

Grass biomass was also measured in each stand and data were
recorded in two foras. The grass biomass in a stand was
determined by clipping eight randem 0.25 sq. Re quadrats.
Grass cover ¥as estimated from a further 12 random guadrats of
0.25 sq. B®. 1in each stand. A wooden frame was positioned over
each quadrat and the grass cover of each 0.1 sq. Bm. subgquadrat
estimated. Grass grosth in the sample stands is very patchy, and
varies with the age of the stand and the degree of canopy
closure. Grass biomass reaches mean values of 0.6 kg/ sg.m. in
stands between 5 and 15 years of age, and declines somewhat
thereafter, although some <c¢lder stands may retain fairly heavy
grass growth (Fig. U.9). Thé grass cover variable shows a
similar pattern of a rapid increase after a fire, a lomg period
of stability, and slow decline as the stand ages. T¥o years
after a fire some 25 % of the ground may be covered by the sparse
herbage of wiregrasses. Over the next decade these grass cluaps
expand vertically and laterally until some 40 X of the stand will
be covered. The clumps become masses of entangled dead and

current leaves growing to a height of some .5 m. 1In dense stands

- of pine which have been undisturbed for 20 - 25 years the grass
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cover declines, and only 5 - 10 8 of the ground area may be

covered.

4.33: sStand Descriptiop: . Environment

The following envircnmental data were collected in each
sample stand: litter depth, litter weight, radiation intensity
and light intensity. The forest-floor litter-layer was measured
in two ways. Litter depth was measured at 40 points one-half
metre apart along a random transect through the sample stand.
Litter depth was recorded by gently inserting a ruled stake into
the litter until the soil surface was reached, and then measuring
litter depth to the nearest 0.5 cn. In additiony the surface
litter layer wvas collected in each stand from four 0.25 sq. a.

quadrats scattered randomly over the sample stand, air-dried, and

weighed.

Data collected by this procedure are presented in Appendix D
and Fig. 4.10. The mass of litter varies considerably within
and between stands o¢f similar ages, but the general trend is a
linear increase in litter mass on the forest flocr over the first
25 years’follouing a fire. Litter depth also increases linearly
over successional time. Undoubtedly as the stand ages a dynaaic
equilibrium between litter production and decomposition develops,

and the mass and depth of litter reaches an asymptcte.

Incoming radiation and illumination were recorded at each

experimental stand at 25 points spaced one metre apart along a
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diagonal transect. Solar radiation measurements were made using
a Middleton CN7 solarimeter when the sun wmas close to solar aoon
{1000 — 1400 hours), in periods wvhen the sun’s disc was visible,
with the instrument positioconed horizontally, 0.5 m. above ground
level. Visible l1light readings were taken at the same time using
a Nikon PTN camera fitted with a centre-weighted light meter, and
these were converted tc foct-candles using the chart in Appendix
E. Both sets of readings were standardised by reference to
values taken in the open at the beginning and end of each
transect. Readings vere taken during a period towards the end of
the dry season (May 1973), and veather conditions were fairly
constant, with light cusulus cloud conditions ( -~ 20 X cover)

prevailing.

In the youngest stands, particularly those where logging had
left only a fevw seedtrees, the reduction imn radiation intensity
at ground 1level is slight, with median values of circa 90 - 95%
of those in the open. As canopies progressively close so the
median radiation values gradually become reduced (Fig. 4.11).
The distribution of radiation values also changes over
successional tinme. In the youngest stands the radiatiocn values
exhibit a unimodal distribution skewed towards the maximuam
possible values. In stands over 15 years of age the distribution
becones markedly bimcdal. The higher mode represents
measurements taken beneath holes in the canopy, and the lower

- mode represents beneath-canopy measurements. Coﬂseguently, in
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the oldest stands, median radiaticn lewvels on the forest floor
may be only 20 < 30 % of those in the open. A similar reduction

in light intemsity occurred over successional tinme.
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CHAPIER FIVE: REGULATIGQN AND FLUX OF PINUS _CARLBAEA SEED
AND SEEDLING POPULATIONS.

5.13 INTRODUCTION

Research on the dynamics of stands of P, caribapea focussed
on the demography of the seed and seedling populations, as these
were not only the aost amenable to field .cbkservation and
exaamination, but alseo represgnt the most active phase of the
plant®s 1lifecycle in terms of population turnover. Two aspects
of the population dynamics of the species vwere examined: the
regulatory mechanisas, fluxes and size of the owverall seed and
seedling (steas less than 2 ma. tall) populations; the variations
in the rate of seedling establishment with stand age, and the

environaental determinants of this differential establishment.

5.22: DYNAMICS OF OVERALL SEED AND SEEDLING POPULATIQNS

5.,21; LiferTable Anajysis

Life-tables are esployed in demographic research as a @means
6f pinpointing significant phases in the dynamics of a species
‘population. fYwo types of life-table are generally recognised. A
cohort life-table is constructed by censusing the survivorship of
a large sample of a single population cohort throughout its
life-cycle. A sfatic life-table on the other hand is derived
from an analysis of a cross-section of the population at a
- specific tinme, The static 1life—-table assumes that mortality

rates in each age—-class, and recruitment to the species
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population, are relatively constant over time. Although these
assumptions may not be valid for many plant populations, static
life-tables are comnsiderably easier to construct for long-lived
organisms such as trees, and have therefore previously been
utilised by forest ecologists to monitor stand dynamics (Hett and
Loucks, 1968; van Valen, 1975). The static life-table ocutlined
here was used only as an indicator of the 1life-stages at which
population turnover was highest, in order to direct further

research efforts to these étages.

Pive iteas of census data are reguired in order to produce a
life-table:

1) Life-table stage, x, the age-class of the
population, or ©period at which some significant
development takes place. in P, caribaea
seedling populations six such stages were
recognised: a) Seed-production, b—-f) Established
seedlings from gne to five years of age.

2) Age, Ax, of the population. The population
can be <considered to come into existence with
seed maturation 2-3 months before dispersal.

3) Survivorship, 1x, number of individuals inm
each age-class.

4) Senescence, dx, the number dying during the
age-interval x tc x+1

5) Mortality rate, gx, {(gx = dx/1x)
5,211; Data Collection: Census of Seed Production

Seed production can - be computed by <censusing the
current seed-crop from a cone count. A complete tally of all

green cones in their second year of development in the sample
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stands vas made in May 1973, using binoculars. Seed preduction
per cone was then estimated by counting the numbers of seed
impressions in 300 fallen cones (20 from each of the stands in
which the current cone crop was undamaged by fire)}. Stands which
had been burmt in the last two years had wvirtually no
extant cones and so these sites vere omitted frpom the saampling
scheme. The drawback toc this censusing aethod is the tacit
assumption that seedfall in a stand is wholly frcam trees within

the stand boumdaries, and ignores seeds arriving from outside.

Data on seeds-per—-ccne ratics, and the relaticnship of this

 variable to stand age are presented in Fig. 5. 1. Although

both the number of seeds-per-ccne and the come yield of pines
may vary widely from year to year (Mclemore, 1975), there is a
close correlation between tree size and seed yield (Rig.
5.2). The field data c¢n cone crops and seeds-per-cone ratios
indicate that the number of cones and seeds per tree can be

represented as a function of tree basal area:

vhere BA is the tree Lasal area in sg. cas.

Precocions seeding may begin when the tree reaches 25 - 30
sg. cms., but thé few cones borme on trees of this size are very
small. Trees begin to Lear seeds in sigpnificant nusbers (> 10
seeds/ tree) when a basal area of 200 sg. cms., eguivalent to a

tree of some 15 years of age, is reached. Hovwever, only 50 % of
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the trees of this size may bear cones in any one year, amnd it is
not until a basal area of 400 sq. cms. is attained that all
trees become cone—bearers. Almost all the seed in a stand is
derived from trees over 1000 sgq. cms. basal area. Trees in
this size class may bear anywhere from 10 - 1000 comnes per
season, with the mare fruitful trees each yielding 4000 - 5000
seeds. In cosparison with some of the pines from the southeastern
U.S.A. (Fowells, 1965), P, caribaea is not a heavy seed-bearer,
wvhich may be a result of the low fertility of soils in the study

area.

The field data obtained by this method indicates that seed
production im P, carjbaea stands may vary froam 2,000 - 200,000
seeds/ha. depending on tree age and stand density, with a mean

value of 63,000 seeds/ha.
5.212; Data Collection: Census of Seedling Populations

Data on seedling height and age relationships were collected
from a random saaple of 100 seedlings in the sample stands. = Age
was censused by ring-counts through the base of éach seedling,
and seedling height was recorded in metres. The relationship
between the two censused variables is presented in Fig. 5.3. It
is apparent from this graph that the heights of the seedling
population can be utilised as a surrogate for age, with each of

the age-grcups correspending roughly to:
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Age (yrs.) Height (m.)
1 0.00 - 0.25
2 0.25 - 0.5
3 0.50 - 1.00
4 1.00 - 1.5
S

1.50 - 2.00

Using this relaticnship, the ages of all seedlings in the

sample stands were estimated.
5.213: Results

The summed values for all sample stands are used to
construct the static life-table (Table V.1 ). The nature of
static life-tables precludes an exact calculaticn cf survivorship
from year to year, due to possible variations in the magnitude of

seed inputs, but provides an overview of stand dynamics.

Seed production amounted to 63,000 seeds/ha. in sampled
stands, but first-year seedling populations were only of the
order of 280 individuals per hectare. In more traditional
life-table terms, a cohcrt of 1000 seeds gave rise to less than 5
seedlings. In contrast, the numbers in each seedling age-class
remain fairly constant {280 - 150 seedlings/ha.) over tinme. The
life-table categorically demonstrates therefore that the period
of greatest risk of mortality is not in the early years of the
seedling's existence, but occurs during the tramsition from seed
to established seedling. Several explanatigmps can be postulated

for this massive declire in numsbers in this transition phase.
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TABLE V.1: STATIC LIFE-TABLE FOR POPULATICNS OF P,

CARIBAEA SEEDLINGS IN SAMPLED STANDS.

(Dx) (Ax) (nx) (1x) (dx)  (qx) [

I

o
e B D [
| Seeds | 0.25 0.0 -0.2%5 62687 1000 111 0.11 |
|

| produced

| - A s w W [ - ———— - > T P e . - - - - - W - - W - .

|
I Seeds | 0.10 0.25-0.35 55697 889 884 0.99 |
javailable |} |
== ety mmmmmemeas |
) | |
I S 1st yre.i| 1.00 0.35-1.3% 280 4.5 1.8 0.39 |
! | |
| e ==---- | == e e e e |
| | |
. e 2nd yto‘ 1.00 1.35"2‘35 166 2.7 0.2 0.07 l
| | |
| a4 =—--e- R |
| | |
} 1 3rd yr.| .00 2.35-3.35 153 2.5 - - \
| | i
| i =--e- | == e e e e e !
| | |
] | l
L = T T T T T T T T S s S esemee e ee !
| N |
{ s 5th yr.| 1.00 4.35-5.35 2040 .8 - -
| |
i 1=

Dx = Lenjyth of lite-stage in years
Ax = Age of individuals

nx = # of individuals observed

lx = Survivorship

dx = # dying

u

qx Mortality rate

S ¢ WA,
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Research within the last decade within the tropics,
particularly in Central America by Janzen (1969, 1971, 1972), has
shown the importance of seed-predation as a comtrol on the size
of the seedling population and the spatial distribution of tree
regeneration. Such predation may either precede or succeed seed
dispersal. As Ps Gg3ribaea attains densities considerably
greater than those of tree species in the neighbouring
rainforest, it might be expected therefore that its seeds would
also experience heavy predator pressure. Alternatively, the
population decline may result from germination failure or high
seedling mortality in the first year of existence. Each of these

factors will be examined in turn.

5.22: Pre-dispersal predation of Pinus capjibaea_ seed.

Etheridge (1968), reports that in 1965, 8 % of the come crop
of P. caribaea in Mountain Pine Ridge was infected by the
cone-rust Cronartium conigenun. This pathogen completely
muarifies the cones it infects, turning them into bulbous masses
of yellow aeciospores. After infection, insects invade and
consume the comne tissue, The incidence of infectiop varies in
time and space in the study area, but of 1272 cones in the 1973
cone crop, 65 (5.1 %), showved evidence of infection, with some
stands having 20 % of their cones desidroyed by this parasite

(Table Vv.2).
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TABLE V.2: CONE INFECTICN EY CRONARTIUM QQEIQBNQQ IN SAMPLED
STANDS ~ 1973 DATA

Stand Current Cone ' .3 # sound
] Crop infected infected seeds
R S T o0 wss
2 191 5 2.6 1729
3 7 1 14.3 64
4 3 0 0.0 32
5 9 1 1.1 2438
6 96 5 5.2 3312
7 90 18 20.0 3136
8 2 0 0.0 21
9 8 0 0.0 89
10 8u 4 4.8 1040
1 199 12 6.0 8698
12 59 3 5.1 57
13 152 6 3.9 5565
14 143 10 7.0 5772
15 115 0 0.0 4692
16

17

. T S S — . G e - e S e S G G, S A S g G G G G TR . S G NS S e

Total # cones examined = 1272

Total # cones infected = 65

"
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.
-
-
¥

Incidence of infection
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fange of % infection/stand =
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The susceptibility of P, cagribaeg cones to further
pre~dispersal seedloss was censused by examining freshly-fallen
cones for evidence of scale reamoval by squirrels or birds, and
for the presence of larval galleries of insects in scales or cone
axes. O0f 300 cones exarmined, containing a =®mean of 27 seed
impressions per cone, almost all were free of damage (Table V.3).
Sormevhat suprisingly, there was no evidence of squirrel or parrot
feeding, although both animals are known to open cones of P,
caribaea. Three squirrels of the genus Sciurus are known from
Belize (Kirkpatrick and Cartwright, 1975), but all are rainforest
species and only rarely venture into the pinelands. A total‘ of
six squirrels was seen by the author in Mountain Pine Ridge in
the course of two years residence, and all were within 100 m. of
the forest edge. The c¢cnly cone-damage by squirrels occarred in

this transitional zone.

k! In contrast, parrots are fairly commgon in the pinelands

{especially Amazopa autpanalis L., the red-lored parrot), but the

cone scales of P, carpibaeag are sufficiently thickened to inhibit
%. anything wmsore than casual feeding by these birds. Another avian
pine seed predator is the red crossbill (Lgxia curvirostra 1.),
reported by BRussell (1964) as occurring in Mountain Pine Ridge,

but being so rare as to go unnoticed by Austin (1929) and ayself.

Insect predation of seeds in the sampled cones was also on a
small scale, with only 1.25% of the cones exhibiting 1larval

galleries in and around the cone axis. It was estimated from the
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TABLE V.3: PRE-DISPERSAL SEEDLOSS FROM SAMPLE STANDS OF

Ps CARLBAEA.
Rl Bttt Rt it bttt ittt |
| Stand | # Seed | Seedloss attributable to these agents: |
| | j==m—===-- |- |- === |
| $ | ilapressions | parrots | squirrels | insects | attached |
| =======-- = j=m=———— o= === |- |
| 1 | 292 | 0 | 0 | 0 i 25 )
) 2 | 186 | 0 | 0 ) 0 | b |
} S | 524 i 0 | 0 | 0 | 38 )
) o | 728 i 0 ) 0 | 10 | 34 !
) 7 ] 1089 | 0 | 0 | ) | 34 ]
| 8 | 428 | 0 I 0 | 24 | 7 |
| 9 | 333 \ 0 | 0 } 0 | 18 )
| 10 | 260 | 0 | 0 ) 2 i 17 |
| 1 | 1395 ) 0 | 0 { 0 | 46 |
| 12 | 306 | 0 | 0 i 0 | 53 |
| 13 | 840 | 0 | 0 | 0 | 58 [
| 14 | 868 | 0 | 0 | 0 | 89 |
| 15 | 816 | 0 | 0 i 0 | 9 )
=== === f=====o=—- |==========- | === | ettt |

Total 8 cones examined = 300

Total # seed imfpressions = 8067

Mean seeds/cone ratio = 26.89 %

Total ¢ seeds lost to parrots = 0

Total # seeds lost to squirrels = 0

Total ¢ seeds lcst to imsects = 40

Total ¢ seeds attached to cone-scales = 451

% Loss to parrots and squirrels = 0.0 %
% Loss to insects = 0.45 %
% Hemaining attached to cone-scales = 5.59 %

Incidence of Crcnartium infection = 5,11 %
(fros 1Table V.2)

Total pre-dispersal seedloss = 11,15 %
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number of holes in cone scales that some 40 X of the seeds in the
host cones had been destroyed, indicating a predatjop rate on the
seed population as a whole of 0.5 XK. The insect pests
responsible for this damage were not identified, but coneworas
{Dioryctia spp.), are suspected, as they are known to attack rust
cones in Mountain Pine Ridge (Billings, 1973), and larvae can

spread from rust cones to green cones in some circumstances

. {(Merkel, 1958).

The major source cf seedloss in the fallemn cones was not
attributable to predaticn by animals, but to non-dispersionm of
the seeds. Some 5.6 % of the seeds remained in the cones after
cone abcission, glued to the cone-scales by resin exuding from
the cone axis. Thus the total pre-dispersal seedloss amounted to
11 ¥ of the population, the same figure as reported by de Barr
and Barber (1975) for Ps elligttii im Florida. Most of the loss
occurred as a result of rust infection and retentionp of seeds in
the cone. In terms of the initial cochort of 1000 seads,
pre-dispersal 1loss would resalt in a reduction of the populatiop
to 889 individuals. Pre-dispersal loss can therefore be accorded
only‘a minor role in the decline of pine populations during the

transition from seed to seedling.

5.23: 29§t§i§2§:§ﬂmm§&_ign..9£;h.sssig..a_ae seed

To measure the intensity of predation during the period

~prior to germination and after seed-dispersal, a series of piles
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of P, caribaga seeds were laid out at 25 ca. intervals in a 15§
year old pine stand with a light grass and litter cover. One
line of seeds was covered with 0.68 ca. mesh chicken-wire to
exclude rodent and Lkird predators. The other line was left
uncovered, and the seeds were freely available to imsects, birds,

and rodents.

The number of seeds removed from the piles was recorded
daily for a week (Figq. 5.4). The experiment was abandoned
because of heavy rains shich repeatedly dispersed the seed-piles
after this time-period. At the termination of the experiment 22
% of the seed had been taken from the piles in the wire-mesh
plot, and 50 ¥ of the seeds had been removed from the opem plot.
This indicates that "picro-predators"® {insects) and
"macro-predatcrs™ {(rodents and birds), have an approximately
equal effect as seed-harvesters in Caribbean pine stands. 1In the
period prior to the onset germination some 65 % of the available
seed may be lost to these animals, with a further 30 % loss over

the 30 day germinatiom period.

No rodents or birds were seen to take seeds from these
piles, but general knowledge of the feeding habits of the fauna
of the pinelands indicates two rodents (particularly the cotton
rat, Sigmodon gigpiggg), several species of o&irds, and four
genera of insects as prime suspects. Disney (1968), reports that
the cotton rat is very common in Mountain Pine Ridge, as 98 % of

his trap records were referable tc this species, with a spiny
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pocket mouse ¢{Heteromys desmarestianus) the only other rodent
recorded. The birds most likely to be major predators of pine
seed are the white-collared seedeater (Sporophila torgpeala), the
rusty sparrow (Aimophila rufescens), and the melodius blackbird
{Dives dives). Less common are the yellon-backed oriole (Ictarus
chrysater), and the hepatic tanager (Piranga flavaj}. Seeds of P,
carjbaea probably form only a small proportion of the diet of
these latter three species. In his monograph om P, <caribaea,
Lamb (1973; p.91), mentions the depredations of ants on pine seed
planted in nurseries in Belize. Insects féedjng on the seed
piles included fire ants (Solenopsis spp.; see: Campbell 1974},
harvester ants (Pheidale spp.), carpenter ants (Campanotus Spp.)
and crickets (Gryllidae). A full listing of the seed-predator

species is given in Table V.d.

The results of this experiment indicate that the population
decline during the seed to seedling trapsition may be primarily
due to post-dispersal predation. The next section examineg

the consequences of heavy post-dispersal predatione.

L]

5.24; Seedling recruitsent; Predation, germipation, and first-year
mortality.

A futher series of experimental plots were established in
the field to nonitdr (a) the magnitude of seed predation, (b) the
rate of germination of seeds which escape predation, and (c) the

survivorship of these seedlings during their first year of

existence. ¥ithin each of the 17 sample stands two 1 sqgq. Bm.
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plots were laid out at opposite corners of a 10 =a. x 10 nm,
sguare. These served as control plots. The remaining two
corners of the sguare were occupied by exclosure plots, each .25
Sqe. m. in area, surrounded by a cage (0.25 m. high), of 1.25
ca. nmesh chicken-wire. These plots vwere designed to provide
data on germination and survivorship im the absence of
“macropredators®., The smaller size of the exclosure plots was

necessitated by the limited supply of chicken-wire in Belize.

Pipus caribaea seed was sown evenly by hand over these plots
at a density of 400 seeds/ sgq. 8. The plots were sown in the
fitst week of July 1974, coincident with the first flush of
natural seeding. The seeds were a batch of the current crop
obtained through the Forestry Department in Augustine. Cones had
been collected three weeks previously and dried in the sun to
release their seeds, and then de-winged by hand-rubbing in sacks.
Some 8% of the seed purchased turned out to be broken, empty, or
filled with granular frass as a result of insect predation;.and
these were discarded. BRadicle emergenge takes a aminisum of 10
days, and the first count of germinatiop was made after 14 days
had elapsed. Subseguent tallies were made at one-month
intervals, and at each census the number of both live and dead
pine seedlings was counted. The results are presented in Fig.

5.5.

Initial germination rates in the control plots #ere

suprisingly 1low, and the mean maximum germination rates for the
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TABLE V.4: PEEDATORS OF P, CARIBAEA SEED

Pre-Dispersal Predators

Fungi: .
Cronartium conigenua + B

Insecta: Lepidoptera
Dioryctia spp. +

Aves: Psittacidae
-Aratinga astec
Amazona albifrons
Amazona autumnalis *

: Fringillidae
Loxia curvirostra +

Mammalia: Rodentia

Sciurus yucatenensis
Sciurus deppei

Post-dispersal Predators

Fungi:
Unknown

Insecta: Gryllidae

Gryllus sppe. »
: Hymenoptera
Solenopsis spp. *
Campanotus spp. *
Pheidole spp. *
Aves: Icteridae
Dives dives *
Icterus chrysater *

s Thraupidae
Piranga flava . *

: Pringillidae
Sporophila torqueola
Aimophila rufescens
Spizella passerina

- Spinus nctatus

* % % ®

Mammalia: Rodentia
Sigmodon hispidus *

- - - P - - - - s - -

+ = Pine seeds form large part of ‘*‘diet®
* = Occurs frequently in the study area
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- control plots in all the sasple stands reached only 0.89 % of the

13,600 seeds sown. This is in sharp contrast to the geramination

rates recorded under ideal conditions in nurseries, which are

' usually in the 90 - 95 % ramge with fresh seed.

Baximum gersination rates in the control plots were attained
15-40 days after sowing, and the numbers of 1live seedlings
thereafter declined. The initial rate of population decay vas
very rapid. Six months after sowing 30 % of the initial soediinq
population survived, but after this the rate of mortality sloﬁod.
At the end of the first year only 23 % of the initial péphlatioh
survived. The rate of seedling 1loss can be repteséntOd'as a

power fumnction (Fig. 5.6).

N = 380. T, -0. 44

vhere TS is the number of days after sowing.

These results confiram the conclusion drawn fros the static
life-table, namely, that the major decline im P, gacibaea
populaticns occurs during the transition between the seed and
seedling stage, as less than 1 % of the available seeds enter the
seedling populaticn. 1In addition, almost 80 % of:these seedlings

die in their first year of existence.

The results from the exclosure plots contrast sharply with
those of the controls (Fig. 5.7). Thirty-nine days after sowing

5 % of the seeds in the exclosure plots had germinated, cqnpat.d
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to less than 1 X8 in the controls. Because of this initial
differential, the size of the resualtant seedling populations
remains significantly higher in the exclosure plots than the
contrel throughout the year, although almost 90 %X of the

seedlings in the exclosure plots died in the interval.

The disparity in numbers of geraminating seedlings between
the exclosure and control plots therefore confirms the claiam that
the intensity of post-dispersal predation is the principal

control on the size of the resultant seedling popudation.
5533 STAND AGE AND SEEDLING RECRUITMENT.

It has been demonstrated in the previcus section that there
is a massive decline in the pine populatiocn cohorts during their
first year of existence. The extent of this decline is not
constant in all stands, but varies with successional time. As
the stand ages there is a drop-off in pine seedling recruitament
(Fig. 4.4), until, in stands which have been undisturbed for 20
- 25 years, very few pine seedlings become estaktlished. Data
from the control plots in the sample stands confira this
differential recruitement ( Fig. 5.8) . ®hen seedling
establisment rates are graphed as a fuanction of stand age it
becomes apparent that:

a) Maximum recruitpent rates are attained in

stands of intermediate age (5-15 years) vwhere
geraination and seedling surwvival are highest.
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b) Low recruitment rates imn younger stands (< S
years) are a result of pre-germination
predation or germination failure.

c) Low recruitment rates in older stands (> 15
years) are primarily due to high mortality of
geraminated seedlings, although germination
rates in these older stands vere somewhat
lower than in stands of the 5 - 15 year
age-class.

Any attempt to 1link seedling dynamics to environmental

controls must explain these three elements.

The mechanisas that requlate seed germination and seedling
survival are a combination of the internal biochemical and
physical reactions, and the external environment of the
propagule. The external controls include moisture supply, soil
compaction and pH, concentration of sodutes, oxygen supply, the
presence and absence of pathogens, predators, or inhibitory
chemicals, and the radiaticn and light environment of the seed
(Toole et al., 1956; Mayer and Poljakoff-Mayber, 1963). 1In the
field these factors interact in a complex and cften inextricable
fashion. As Harper (1960) points out, sites in which the factors
co-occur in the right combinations are not ubiquitous in nature.
At the size scale of the seed, the soil surface presents a very
complicated pattern of suitable and unsuitable microsites.
Moreover, "sites which are temporarily suited for germination of
a seed.... Bmay gquickly become unsuitable for the establishment

of a self-supporting seedling...” (Harper, ibid., p.124).
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The maximum rates of seedling estahliéhlent in stands of
intermediate age must therefore represent a situation in which
favourable microsites are also maximised. This favourable
germination-survivorship time-frame may be causally linked to the
co-occurrence of a peak {(Fig. 5.9a), plateau (Fig. 5.9b) window
(Fig.s.gc) or trough (Fig. 5.9d4) in a state variable. Howewer,
_kas the *tails® on either side of the favourable time period
result from a recruitment failure in the very young stands, and a
failure to survive in the oldest stands, it vould seem more
reasonable to assume that the peak in seedling establishment
represents the unilateral or interactive effects of two or more

regulatory mechanisms (e.g. Fig. 5.9e).

Five environmental factors in particular may &e expected to
co-vary as a consequence of autogenic changes accompanying
vegetational succession. These are: predator pressure, light
and radiation intensity, the nature of the seedbed, root
competition, and the intensity of allelopathic interactioms

~between species.

In the following sections the role of these five factors is
examined by nmeans of field and laboratory experimentation. The
isolation of the field area, constraints of time, and a limited
supply of socme nmaterials, precluded using a £full factorial
experimental design to test the effects of these environmental

variables.
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2231: Predatqor Pressure

As post-dispersal seed-harvesting by rodents, birds and
insects 1is known to be the primary regulatdr of the overall pine
seedling population, it was hypothesised that the regeneration
failure in the youngest stands = was caused by severe
seed-predation rates. This postulate reéuires that the
re-occupation of a Lkurnt area by the seed-harvesting fauna
is fairly rapid. Although the rapidity of re-invasion depeands to
a large extent on the area of the buran, data from 1logged and
burned areas of North American forests show that granivorous
manmal populations may decline by 50 % immediately after the
disturbance {(Spencer, 1956), but pre-disturbamce population
levels are attained or passed a few moaths later (Tevis, 1956;

James, 1956; Gashwiler, 1970).

It 1is known frcm laboratory experiments that predator
pressure on prey is reduced as the environment searched for prey
becomes more complex {(Gause, 1934; Huffaker, 1958). 1In recently
burned stands with a bare mineral soil substrate the probability
of a seed being found is extremely high. Litterfall and grass
regrowth cover this expcsed surface and the area to be searched
by seed-harvesters becomes auch more patchy, so the probability
of a seed being foﬁnd decreases. Conseguently, in stands of

intermediate age, there may be a higher rate of seedling

establishaent than in younger stands.
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In the oldest stands the reduced germination of pine seed
may also result from an increase in the predation rate. One of
the consequences of incre¢ased shading con the forest floor is a
reduction in grass cover in older stands. The loose litter layer
in these stands may comprise a more-readily searched emvironment
than that of stands with greater grass biomass. Alternatively,
the suite of seed-harvesting organisms themselves may change over
successional time, bringing more pressure to bear on the seed

resource in the oldest stands.

Two tests of this predation hypothesis were made. If
predator .pressure is the prime determinant of the differential
seedling recruitment in stands of varying age, then seeds
protected from macro-predators should =exhibit age—-invariant
germination rates. However, the numbers of seedlings germinating
in the exclosure plots show the same age-dependent
characteristics as do seedlings in the control plots (Rig.
5.10) « To test whether predation is independent of stand age, a
G-test of associatiom (Sokal and Rohlf, 1969) was conducted on
these germination data. The resultant analysis (Table Vv.5),
indicated that predation rate is independent of stand age.
Consegquently the seed-predation hypothesis can be dismissed as a

cause of differential seedling establishment.

In addition to the pine seeds, the emergent seedlings also
represent a food source for herbivores, and it is conceivable that

the high mortality rates in the oldest stands are attributable to
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TABLE V.5: G-TEST OF ASSOCIATION BETWEEN THE INTENSITY OF
SEED-PREDATION AND STAND AGE.

Ho: That there is no difference in seed-predation rates
(and therefore the proportionate germination in
control and exclosure plots), with stand age.

Treatments (a=2)
Categories (b=3)

| Stand Age § Contrcl { Exclosure | Row { Control/ |
i Age i Plots { Plots ] Sum | Total )
il B il et Iatnbt bt Bttt bt |
| | |- ] i {
i <5 Irs. ) 1 | 2 i 3 | 0.33 |
| | | | i !
i Attt Gl Rl B i |
| | [ i l i
] 5 - 15 Yrs. | 85 i 78 { 163 | 0.52 1}
i i ! [ l |
R i o= === - - i ]
| | { ) i {
i > 15 Yrs. | 1M1 i 88 } 199 | - 056 |}
i | ! } l {
Rt Stuinieitid Eetebdtitetetiedeind Rt it et ot D D |
| i i ! { i
| Column Sun J 197 168 ) 365 | 0.54 §
|

i
| i | 1 |
- I —————— - l - - ‘ - ‘—-------‘ - e e - -—— '

¢ = 2EEf b fy - EEfy) In (?:fg))-(é(ﬁfﬂ)s.. Ef)) + nlnn)

= 2[1635.598-1886.945-1901.61742153.463 ]
= 2[0.499]
= 0.998

af

(a=1) (b=1) = 2
Since jttmsﬁu’ 5.991, the G value is not significant,

and the null hypothesis (Ho) is accepted,
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this cause. A census of recently-emerged se;dlings (15 days
after sowing), showed that some 13 % exhibited herbivore damage.
This took the form of severance of the stea immediately above the
ground or at the base of the cotyledomns. Cutworms (Nogtuigdae),
and leaf-cutting ants {(Atta spp.), feed in this fashiom on
planted pine seedlings elsewhere (Wormald, 1975; 4Weber, 1972),
but I never observed either to feed on pine in Belize. This
type of damage may also be caused by molecrickets
(6ryllotalpinae), and Lamb (1973), notes the necessity of

protecting pine nursery beds froms these insects in Belize.

Although these predators are all gemeralists, and presumably
fairly wubiquitous in the pinelands, the seedlings in the oldest
stands exhibited predation rates which were almost twice as great
as those in stands between 5 and 15 years of age. This
difference proved to be statistically significant (Table V.6),
and may be the primary reason for the low seedling survivorship
in the older stands. There is, hosever, no evidence to indict
larger herbivores such as deer (Qdocoileus truei) or cattle as
predators of pine seedlings, as mortality rates of seedlings were
somevhat greater in the exclosure plots than in the control

plots (Fig. 5.7).

5.32: _Allelopathic _JInteractions

The suppression of higher plants by substances released from

"the live or dead tissues cf other species has been reported for
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TABLE V.6: BINOMIAL TEST CN THE DIFFPERENCES BETWEEN NUMBERS
OF SEEDLINGS DAMAGED B8Y HERBIVOROUS INSECTS IN
INTERMEDIATE-AGED AND OLD STANDS.

Ho: That there is no significant increase in herbivory
rates wvith increasing stand age. (1-tailed test).

| -—— - - o - | - - - - - > > = ——— ' - o e - i e ot o= l .—---—---—-—-—.

| Stand i #¢ Seedlings | # Seedlings | % eaten |
] Age i Alive (N) § eaten (A) | {p) 1,
=== o j———=—- | -—={
| | | | l
] 5-15 Yrse.l 131 | 1 | 8.40 |
i ) { { i
=== | == - | |
i | N i , !
| >15 Yrs.| 2241 | 340 I 15,17 |
| | { !
| | i |

Pooled p = (A + A')/(N ¢+ NY) 45/355 = 12.676 %

Pooled s*= 12.676 (87.324) = 1106.92

sp® = 1106.92/131 = B.45
i sp = 1106.92/224 = 4.94
: sd* = 8.45 + 4.94 = 13.39
: sd = 3.66
x' = 1.84
Since Xin‘ =1.64, the difference in herbivory rates

is significant, and the null hypothesis (HO)

rejected.

e~ e

«;m



114

cultivated and wild species in various coamunities {e.g. Muller,
1965; Cannon et al., 1967; del Moral and HMuller, 1969).
Germination of two species of pine, P. banksiana (Brown, 1967)
and P dengiflora - (0Ocyama, 1954), is known to be inhibited by
allelochenic suppression by associated species and by
autotoxicity. In successional communities an invader may
suppress a competitor, and delay its own replacement, by means of
allelochemics (Rice, 1969). It is proposed therefore as a
working hypothesis that species occurring with P, cagpibaea,
particﬁlarly arborescent species (including P. carjpaea itself),
exclude young pine from the stands older than 15 years by
allelopathic inhibition. 1In the youngest stands the potential
allelopathic species are too infrequent and small to affect the
germinaticn or survivorship of young pine. {(Fig. 4.7 ). This
section therefore deals only with the relative iaportance of
allelopathy in stands in the two older age-classes. The
hypothesis camn be examined by dgrowing pine seeds on media
supplied with agueous extracts of tissmes (in this case of the
leaves) of selected species, and testing for the presence of
allelochemics. No test was made for the presence of volatile

inhibitors.

A total of twelve species vere chosen for testing,
representing not only the most frequent species in the pinelands,
but also a cross-secticn of the plant families which are

“important neibers, aor potential invaders, of the ginelands. The
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species used are listed below:
Byrsopipa crapsifolia (Malpighiaceae)
Biconia albicans (Melastomataceae)
Clideaia rubra (Melastomataceae)
Vismia ferruginea (Hypericaceae)
gigggig belizengis (Melastomataceas)
Eupatorjum odoratum (Compositae)
Quercus purulhana (Fagaceae)
Pinus garibaea (Pinaceae)
Xylopia fruytescens (Anonaceae)
Clethra hppdurepsis (Clethraceae)
Dayilla kunthii (Dilleniaceae)
Quercus oleoides (Fagaceae)

Calliandra hcustgpiana (lLeg: Mimosidae)
5.321: Experiment 1. Spcnge biocassay

Fifty grams of air-dried leaves of each species were soaked
in 100 gms. of distilled water at 20' C. The sodution was then
mechanically shaken for 20 ainutes and left to soak for 24 hours.
The leachates were then ccllected wusing Buchner funnels. The
osmotic potential of e€ach was deterained by the method of
freezing-point depression using a Precision Systeas QOsaette.
These readings uére repeated until the difference between
successive readings vas less than 2 milliosmos. The final values
obtained for each extract are included in Table V.7. Control

solutions of mannitol were prepared with osmotic potentials of
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TABLE V.7: GERMINATICN AND RADICLE EXTBNSIOﬁ IN LABORATORY
. ALLELOPATHY EXPERIMENT.

RS Y T LR e L W R PRy

et j=-——- j=——- | R === bt |
i Treatment ] a | b} c } d | e |
| Rt it il R il Bttt Bttt detedl Rt Ausietatadabed |
i | | | i i

| Byrsonima crassifolia | 2 | 0| 4.4 **} 8.63 | 35

| Pinus caribaea I 12 | 21} 50.0 i 12.48 | 2

{ Mmiconia albicans i 14 | 21} 58.3 } 19.85 | 3

} Xylopia frutescens i 6 | 0] 13.3 *=*; 8.5 | 30

| Ciidemia rubra f 13 | 321 100.0 § 18.07 75

} Clethra hondurensis | 3 0} 6.6 **x) 7,235 | S0

] Vismia ferruginea 3 7 01 15.5 *+§ 10.84 17

| Davilla kunthii | 6 § 1 | 13.6 **] 5,46 ) T4

] Miconia balizensis i 20 3 17} 71.4 ] 21.88 54

] Quercus oleoides ] 3 | 4 | 7.3 **%) 15.98 | 23

} Eupatorium odoratua i 1 1 01 2.2 *%| 5,40 | 2

} Calliandra houstoniana] S 1 5 1 12.5 *=*) 7,53 3§ 120

| Quercus purulhana i 2 1 0| .4 **| 1,99 ¥ 25

{ | | l { |

] i | | - | -}

| Mannitol #1 | 8 | 28 1 47.1 ) 9.26 | 0

| Mannitol #2 | 4 | 33 | 33.3 { 6.75 | 10

| Mannitol #3 | 4 |} 36 | 44.4 J S.40 |} 50

| Mannitol #4 | 2 | 40 | 44.0 { 850 | 100
I-- - - === | === -=-- | ——

a = ¢ seedlings germinated
b = # seeds infected by fungus

c = (a/(n-b)).100
where n = # seeds planted

% d = mean radicle length (mm.)
e = osmotic potential of extracts (milliosmos)

% significant inhibition of germination (p=0.01)

* = gignificant inhibition of growth (p = 0.05)
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10, 50, and 100 milliosmcs respectively (see del Moral and Cates,

1971).

Cellulose sponges soaked in 40 ml of beither the mannitol
control or the 1leachate were placed in Petri dishes. Each
experimental treatment was planted with 15 sound seeds of P.
caribaea per dish, with 3 replicates per treatment, and the
dishes were placed at random under an array of <Coolwhite
flourescent lamps set on a 12-hour photoperiod at an intensity of
3000 ft-c. Geramination and radicle extension c¢f the seeds were

then recorded over a three-week pericd.

Because of the high relative humidities in each of the Petri
plates many seeds were infected by fungal pathcgens, which were
presumably dormant in the seedcoat. The mannitcl coptrols and
the three extracts from Melastomataceae vere particularly
susceptible to attack. Germination was measured on day 18 and
again on day 23 w«hen the experiment terminated. Hypocotyl
extension was estimated at the end of the experiment. The
results of thé experilent are recorded in Table V.7. There is a
positive correlation between the number cf uninfected seedlings
that germinate, and the number of seeds infected with fungus in
the extract treatments, strong circumstantial evidence of the

presence of antibiotic substances in some leachates.

The hypothesis that there is no difference in germinationm

rates between treatments and controls can be tested using
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Chebyshev®s inequality (Dixon and Massey, 1957). This states
that the maximum area under any symmetric, unimodal distribution
curve which is > k standard deviations from the mean is <(2/3k)
As there 1is no apparent decline in the geraminaticn rates of
uninfected seed in the controls, these values were pooled. ‘TFhis
produced a distribution for the control wvith mean geramination
rates of 41.9 % apd a standard deviation cf 6.1 ¥. ®aking a
rejection region of p=0.05 the critical value for k is then 3.0
(p=0.0494), which is eguivalent to a germinationp rate of 24.1 X.
Consequently any treatament having a germimation rate < 24.1 % 1is
significantly different from the controls. Nine of the tested
species shovwed significant inhibitory effects (Table V.7). These
vere:

Xylopia frutescens

Quercug ojeoigdes

Quercus purulhapa

Byrsopima cragsifolia

Clethra hopdupensis

Calliandra houstoniana

Vismia ferruginea

Eypatogjup odgratunm

Davilla kunthji

To test the hypothesis that the 1leaf extracts inhibit

radicle extension, the sanple means of the control and

' experinental' populaticas can be compared using the



119

t-distribution. Tests between the mannitol comtrols atilising
log-normalised data indicated no significant decrease in
hypocotyl 1length with increased osmotic potential (tmax=1.86,
df=6; n.s. at p=0.05). The control results were therefore
pooled. Examination of the relationship between osmotic
potential and radicle elongation reveals 1little correlation
between the two variables (Fige. 5.11 ). Eight of the test
species recorded mean radicle extemnsion less than the controls,
and these were tested in turn. Of the eight, only one (Quercus
purulhana, the deciduocus oak) was found to produce significant

inhibition of pine seedling growth at a p=0.05 level (Table V.7).
5.322; Experiment 2: Field bioassay

Because of the marked fungal infection of the 1laboratory
cultures, the experiment was repeated in the field at a later
date, using the same species w#ith the exception of Micgnia
belizensis. In this second experiment 1.35 kg of air-dried
leaves of each species were soaked in a 1:5 solution of tap-water
for 24 hours. Cleam sand from the local river was spread to a
depth of 4.5 cms in aluminium seedpans and 33 seeds were planted
in each pot with three replicates for each treatnent (#3 with 34

seeds).

The experiment was initially established on the ground, but

mice and insects removed many of the seeds, and rain periodically

" flooded the 'pans, so it was re-established under cover of the
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seed-drying sheds of the Forestry Department at Augqustine. These
protected the seeds from predators and rain, and provided some
shade (midday 1light intemsity -~ 3000 ft.-c.). The pans were
watered with 250 ml of the extract at two—-day intervals, and the

course of geraination was followed for a one-month period.

Germination began on day 9 and the totalvnu-her of saedlings
reached maximuam levels some 4 to 14 days later, with alamsost all
treatments peaking on day 15. The nuaber of live seedlings
declined steadily from this point onwards {(Fig. 5..12). No fungal
infection of the seedcoats was recorded. The hypothesis of no
significant difference (p=0.05) between the control and treataent
populations was tested using the t-distribution (Table V.8). Of
the species tested, cne (Eupatorjun godorasum), produced
significant inhibition, and fio (Xylopia frutescens and Vigamia
ferruginea) were mildly inhibitory, with t-values on the verge of
ststistical significance. A1l three of these species were also
significan£ inhibitors in the laboratory experiment. This second
experiment does nob support the claim of significant inhibition
of germination by Byrsopima., Cletbra, Davilla, Calliandra or the
two oak species. Because of these agmbiguous results only
Eupatorium, Xylopia, Vismia and O, pugujhana, which inhibited

seedling growth in the laboratory experiment, can be considered

as potential allelochemic species.

Although all four potential allelopathic species increase in

size and density with successional time, the increase froa the
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TABLE V.8: ®T"-TEST ON THE RESULTS OF THE PIELD ALLELOPATHY
EXPERIMENT (Augustine, 27/7/74 - 31/8/74).

Day 15: # seeds germinated

—
)
i

- - - ----'- - - - - - -‘

Treatment { ¢ Germinated Mean var., "t'-value]
/Replicate

| l |

| { !

. | Byrsonima crassifolia | 6 10 2 6.0 16.0 1.62 i
} Pinus caribaea | 11 & 3 6.0 19.0 1.59 |

| Miconia albicans | 11 4 3 6.0 19.0 1.59 i

| Xylopia frutescens | 3 4 0 2.3 4.3 2.73 % |

| Clidemia rubra | 4 13 6 7.7 22.3 1.18 o

| Clethra hondureasis | 12 19 13 14.7 i

% | Vismia ferruginea | 3 3 3 3.0 0.0 2.68 = |
% | pavilla kunthii | z 8 3 4.3 10.3 2.10 [
i | Quercus oleoides | g8 13 12 11.0 7.0 0.29 i
} Eupatorium odoratunm } 2 2 0 1.3 1.3 3.08 =

| Calliandra houstoniana | 15 13 9 12.3 9.3 0. 24 i

| Quercus purulhana } 2 8 8 6.0 8.0 1.75 |

i i R |

| Control | 6 15 19 13.3 44.3 {

| i i

** = significant at p=0.05 level

* = parginally significant
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intermediate age stands tc the oldest stands is not statistically
significant ¢(Table V.9), when analysed by the Mann-Whitney
U-test. Consequently the bypothesis of allelopathic inhibition
can be dismissed. However, it should be noted that all of these
allelopathic species wmay have an inhibitory effect oa pine
establishment in the savanna — forest ecotone, where they are

particularly coaaon.

5.33; Shading

The availability of light to pine seeds and seedlings in
stands of differing age depends upon the amount of shading by
opague elements such as branches, and selective transamission by
the foliage, which includes all the various canopy strata, frona
that of hardwoods and pines, down to the shrub and herbaceous
layers. %¥hereas plants have evolved various geometries and
photosynthetic strategies to deal with the ambient light
environment, seeds and young seedlings are entirely at the mercy

of the light conditions in their subaicroenvirocnment.

It is postulated that the differential seedling
establishment of P, ¢aribaea, both the failure to germinate in
recently-burned stands, and failure to survive in the old stands,
derives from changes in the light climate over successionai‘tile.
Kozlowski (1971), reports that seeds of Pipus spp. will

germinate at 1light intensities above 5 lux (0.5 faeot-candles).

" The illumination in the cpen in the study area usually attains
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TABLE V.9: MANN-WHITNEY U-TEST CN THE ASSOCIATION BETWEEN THE
RELATIVE IMPORTANCE OF POTENTIALLY ALLELOPATHIC
SPECIES AND STAND AGE.

Ho: That there is a significant increase in the
basal-area or % cover of potentially
allelopathic species wih stand age (1-tailed
test).

l —— - - l -----------' _-..—--.---l - l '__ '

|Species | Eupatoriuam| Vismia | Davilla | Quercus | Quercus |
| Name ) odoratum |ferruginea | kunthii jpurulhanajpurulhanal

| } (shrub) i {(shrub) | (vine) | (shrub) § (tree) |
 Rbtegdend Ett Stanntrtiel hintinteinndett Rutntetainsintubl Eettesntdebtd Rttt bl |
{ Stand |5-15 >15 §5-15 >15 |5-15 >1515-15 >1515-15 >15)
| Age | yrs yrs{ yrs yrs | yrs yrs| yrs yrs| yrs yrsi
=== i- piendett Eetebstusibehd Rttt i i |
| P 7 7 16.5 6.5 1 6 6§ 4 4 | 4 4
| Ranked | 7 7 §6.5 6.5 1 6 6 § 4 4 } &4 4 |
i I 7 7 §6.5 6.5 1 6 6 { 4 4 | 4 4 |
| Cover | 7 7 6.5 6.5 ] 6 6 | 4 8 | 4 8 |
| | 7 7 16.5 6.5 | 6 6 | 12 9 ¢ 1 9 i
1 or i 7 i 6.5 | 6 | 10 § 101
| ) 7 1 6.5 | 12 § 119 12 |
| Basal- | 7 | 13 13 | 13 13 |
{ area | 14 | 14 | 1 14 14
| ~ | 15 | 15 | 15 | 15 | 15 §
ettt Ratninbsietiteiil Eateiedestteitennd Rttty } |- -
1 R1 { 35 I 32.5 | 30 { 28 1 27 |
] R2 | 85 | 87.5 90 | 92 | 93 |
oo | === | === | - i- -==1
[ { I | i | i
} U-value) 20 ) 17.5 | 15 i 13 ) 12 i
| | | | | | {
= | - il Eendenshsitd [ ]
| Signif.| N.S. | N.S. ] N.S. | NeS. | N.S. |
| Level | i } ! i !
g Rttt Eabdenabsatetl B il Rettbetntd Rttt bbb |
U = {(n1) {n2) ¢ n2(n2+1)/2 - R2; nl = 5, n2=10

Since U,, <% 11 for n1=5, n2=10, all computed values are
not significant, and the null hypothesis (Ho), is

rejected.
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intensities > 106,000 lux (~ 10,000 foot-candles) at solar-noon,
and it is conceivable that the seeds of P, caripaea may be
inhibited by long pericds cf exposure to such high intensities of
blue and far-red 1light. It is hypothesised'therefore that the
high light levels are detrimental to the germinaticn success of
P caripaea in the youngest stands. The closure of the pine
canopy results in increased shade on the forest floor in older
stands. It is therefore further postulated that seedlings of P,
caribaea are shade intclerant and that increased shade is the

cause of the high seedling mortality in the oldest stands.

The light climate on the forest floor is highly variable in
time and space, and it is consequently extresely difficult to
quantify precisely the light environmemt of a seed or seedling
population, except in very general terms. As wvell as fluctuating
in gquantity, the wvocedland 1light environment also changes in
quality. ©Not only is the light under a forest canopy depleted in
blue and red wmavelengths, but the red - far-red ratio is also
modified, vhich directly influences the germinative ability of
the seed (Koller et alia, 1962).

5.331; Experiment 1. Light 1Intensity as a function of
Stand Age.

The contentioh that germination failure in the youngest
stands is a product of high light intemsity requires as a first

condition that light levels are significantly higher in these

stands than in stands between 5 and 15 years of age. The
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measurement of stand light climate was described in Chapter Four.
A comparison of the relative 1light 1levels in these stand
age-classes by the Kolmogorov-Smirnov two-sample test (Table
V.10), revealed that the differences wuwere not statistically
significant. This hypothesis can therefore be dismissed.
However, a comparison of light levels in stands of intermediate
age with those in older (> 15 years) stands by the same technique
(Table V.11) demonstrated a significant difference between the
tvo groups. Consegquently twc further experiments were performed
to attempt to disprove the shading hypothesis, one in the field,
the other in the laboratory.
5.332: Experiment 2. The Light Climate of Established
Seedling Pofpulations.

The light levels (in foot-candles),above each seedling < 2
. in height (up to a maximum of 25 seedlings per site) wuere
measured and compared to the overall stand light conditions. If
light 1levels become 1liasiting for seedling establishment as the

stand ages, then there should be a gradual divergence in the

light environment of the established seedling population and that
 $‘ of the stand in general. 1In other words, the seedding population
will become 1limited in its spatial distributiog to a few
favourable microsites in which 1light 1levels are sufficiently
above some threshold value (the compensation point) to pronoté

vigorous growth, These favourable microsites will presumably

- consist of those patches ¢f the forest floor beneath hodes in the
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} TABLE V.10: KOLMOGOROV-SMIRNOV TEST ON LIGHT LEVELS IN STANDS
' OF < S YEARS OF AGE COMPARED TO STANDS OF S - 15
YEARS OF AGE.

Ho: That light levels in stands of less than 5
years are not significantly greater than
those in stands of 5 - 15 years (1-tailed

test) .
Cumulative Frequency Data

== R ittt -== -—-—=l
} Stand | Foot - Candles ' i
l Age i < 500 < 2000 K« uoog, < 8000 }
=== === |=—— i-- =y
| ) { l | i |
| < 5 yrs. | 0 | 0 | 0 | 0 i 50 i
| | i | i { i
] 5-15 yrs. | 0 | 0 1 | 10 | 125 i
] | ) i | i )
| Rttt nnininded Edeetatedetd R tuiniat R -—-1 tubatiaf Eedutedetesndeded |
Sn1(x)-Sn2(x)| 0 | 0 § -0.008 } -0.080 ¢{ 0 |
i

e e B It e
D = max [Sn1({x) - Sn2({x) ] = 0.080
X'= 4.0% ((n1) (2)/(n1 + n2))

4 (0.08)*, (35.714)

0.914
af = 2
H
since X, p= 5-99, the D value is not significant,

and the null hypothesis (Ho) is accepted.

W
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TABLE V.11: KOLMOGOROV-SMIRNOV TEST ON LIGHT LEVELS IN STANDS

OF > 15 YEAERS OF AGE COHPARED TO STANDS QF 5 - 15
YEARS OF AGE.

Ho: That light levels in stands of more thanm 15
years are not significantly less than
those in stands of 5 ~ 15 years (1-tailed

Dt ot Rt Rt tetel -=1

Sn1{x)-Sn2{x) | -0.012 | -0.088| -0.164 |} -0.268 | 0

‘test).
Cumulative Freguency Data

i- -~{- seessssss -- -= -1
{ Stand | Foot - Candles : |
| Age | < 500 < 2000 <« 4000 < 8000 )
j-=——- --i- intd Eetdebdedd Readsnindended Bt deess o8 Icininrndud
| i i | | 4 |
| 5-15 yrs | 0 | 0 i 1 | 10 i 125 ]
i { | | i | ' |
I > 15 yrs. | 3 | 22 | 43 ) 87 i 250 |
| { i | { ! {

|

|

i

<
H

max [sni1(x) - Sn2(x) ] = 0.268

4 D ((n1) (n2)/(nl1 ¢ n2})

4 (0.268) (B3.333)

23.941
af = 2

Since = 13.82, the D value is significant,
and the null hypothesis (Ho) is rejected.
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canopy, and shich form the higher mode of radiaticn intensities
graphed in Fig. 4.11. Furthermore, as the stand ages, the number
of such favourable sicrosites should decline, and so will the

seedling population.

If the data from all the stands in each age-category are
accuaulated the Kolmogorov-Smirnov twc-sample +test can be
employed to compare the magnitude cf the differences between the
randomly sampled 1light population, and the light climate above
seedlings. The results of the tests are presented in Tables V.12
and V.13, No significant differences in these data could be
detected in either the 5 - 15 year age-group or the older stands.
Consequently the 1light <c¢limate in these stands does not limit
pine seedling establishment. A laboratory experiment ¥vas
undertaken to comnfirm these results, and to determine the exact
forma of the relationship between germination, seedling
performance and low light intensities.

5.333: Experiment 3. Germination and Mortality of pP.
caribaea populations as a function of Light Intensity.

The experiment was set up using two PS Model 802 incubators
equipped with a series of cool-white flourescent lamps. The
seedbeds for the experiment were prepared by half filling plastic
pots of 7.5 ca. dépth and 58 sq. ca. surface area with
vermiculite, and then adding an equal amcunt of bulked and
sterilized surface soil from the study area to each pot. The

soil in each paot was kept moist by bottom-watering. Vertical
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TABLE V.12: KOLMOGOROV-SMIRNOV TEST ON LIGHT LEVELS IN STANDS
OF 5-15 YEARS OF AGE COMPARED TO LIGHT LEVELS
ABOVE SEEDLINGS.

Ho: That light levels in stands of 5 - 15 years
of age are not significantly less than
those above seedlings in the same stands
(1-tailed test).

Cumulative FPrequency Data

) 1 Foot - Candles i
i | < 500 < 2000 < 4000 < 8000 )
| Rttt Rebattetaiieet Eteeietted Retadntebetetnteded B2t i Rttt |
| Stand | ) } | { i
] Sample | 0 i o | 1 ) 10 ] 125 }
| i ! | [ | |
{ Seedling | 0 i 0 1 1 | 9 j 121 i
| Sample } } | i [ i
oo f==———- jo———— == -1 it Rttt |
Snt(x)-Sn2(x)| 0 J 0 | 0 I 0.006 } 0 }
ikt ttnhdeiill bttt bl | i hetbetdantdnded Eeteseleastndeted bttt gl |
D = max [Sn1(x) - Sn2(x) ]} = 0.006

7(,1= 4.0% ((n1) (02)/(n1 + n2))
4.(0.006)*. (61.484)

= 0.009
af = 2
Since )C:°'Gﬂ = 5.99, the D value is not significant,

and the null hypothesis (Ho) is accepted.
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TABLE V.13: KOLMOGOROV-SMIRNOV TEST ON LIGHT LEVELS IN STANDS
OF > 15 YEARS OF AGE COMPARED TO LIGHT LEVELS
ABOVE SEEDLINGS 1IN THE SAME STANDS.

Ho: That light levels in stands of > 15 years
of age are not significantly less than
those above seedlings in the same stands
(1-tailed test).

Cumulative Frequency Data

| Sample

] [ Foot - Candles {
i | < 500 < 2000 < 4000 < 8000 ]
Rttt sttt Eadetindebeibedl Rndetedtetetndl Ratedntubindedtff RS | it |
j Stand i | | [ i
| Sanmple 3 22 43 87 ] 250
| o
} Seedling 29 I 131
R
[

|
|
1 { 2
|
]

-—— e . S =
(=)

Sn1(x)-Sn2(x){ 0.004 | 0.073 } 0.126 | 0.127 ] 0

D = max [Sn1(x) - Sn2(x) ] = 0.127
X% 4.p%. ((n1) (n2)/{n1 ¢ n2))
4.(0.127)". (85.958)

[}

= 5.55
df = 2
Since 7‘1@.ﬂg= 5.99, the D value is not significant,

and the null hypothesis (Ho) is accepted.

B e e el
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placement of the experimental pots produced stratified 1light
levels in the incubators wsith values from top to bottom of:

Incubator 1. 2000 ft-c.
1000 ft-c.

Incubator 2. 500 ft.c.
250 ft-c.

The incubators were programmed for a 12 hour photoperiod
{0600 - 1800 hours), a daytime (0800 - 1730 hours) tenperaﬁure of
30°C and a nighttime temperature of 20*C. These values are based
on the diurnal regime egnccuntered in the study area in the early
part of the wet seasom. After scaking in distilled water for 18
hours, five seeds were planted in each pot, with six replicates

per treataent.

Geraination coamesnced on the tenth day after sowing, and was
most rapid in the low light treatments. The nuaber of geraminated
seedlings stabilised at some 40 - 45 %X of the original seed
populaticn after 20 - 25 days in the 250 and 500 ft-c.
treataents, with the higher light intensity treatments
stabilising at the same level some 5 - 10 days later (Fige.
5.13). Cotyledons were exposed three to four days after
germination commenced, and the seed-coat was shed after ancther
three day interval, with primary needle eloangation commencing on

or about the seventeenth day.

No mortality was recorded at 1light intensities above 500

- ft-c., Dbut 12.75 % of  the seedlings that germinated died im the
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FUNCTION OF LIGHT INTENSITY,



BT s T

135

500 ft-c. treatment ocver the course of the three-month
experimental period, and all the seedlings at the 250 ft-c.
level died. Vigorous seedlings began to develcp primary needles
some 17 days after germination, and the seedlings had by then
passed from an independent existence where their food supply came
from seed reserves, to an autotrophic state. In the 250 ft-c.
treatment the cotyledons and the few prisary needles that
appeared showed signs co¢f wilting at this time, even though the
soil surface remained mocist throughout the experiment. Over the
next week signs of wilting and etiolation became more pronounced,

and most seedlings died in this period.

Germination was wuniform in all four treatments in the
experiment. Therefore wue can conclude that light intensity per
se does not control the level of germination. However at 1light
intensities below 1000 ft.-c. there is anm increasing probability
of seedling mortality. Of the 250 light readings taken in the
field in the oldest stands, 1less than 2 &% fell below this
threshold, and therefore shading can only play a wvery minor role
in the dynamics of the first-year seedding population in stands
up to 25 years of age. This is further borne out by the results
of the analysis to test the homogeneity of the general 1light
climate in the wvwoodlands with that of the seedling pqpul;tion.
Older seedlings may react somewhat differently froa first-yeat

seedlings because of self-shading of secondary needle clusters.

" This may result in lowered growth and survivorship rates at light

levels at or above 1000 ft-c.
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We can therefore dismiss ,the hypothesis that shading in
stands up to 25 years of age controls the level of seedling

establishment.,

5.34; Seed apd Seedling pDessication

The moisture balance in the licra-gnvironaent of the seed in
the field is controlled by several factors; macro-meteorological
variables such as the amount of precipitation amd direct solar
radiation, and micro-meterclogical factors such as soil field
capacity, shading of the soil surface and the soil albedo. 1In
soils with sandy surface horizons, such as those of the study
area, mcst of the suspended water is retained as isolated shards
of water between soil particles ("pendular® water (Rode, 1969).
This pendular water is imsobile in the ligquid state and will not
move to the soil surface to evaporate under drying conditionms,
with the result that the drying point gradually moves downward in
the soil. Consequently seeds exposed on a bare mineral soil
substrate are subject to rapid wetting by a precipitation event
and subsequent dessication caused by rapid evaporative water loss
from the surface soil. It seems 1likely that only seeds in
favourable microtopographic positions will germinate in these
conditions. Any environmental factor that reduces the rate of
evaporative heat eichange and water loss from the soil surface

should therefore reduce dessication and stimulate germination.
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Reduced moisture stress can result from lowered
radiation-levels om the forest floor or <changing substrate
conditions. The relationshifp between radiation-levels and
moisture-levels at the soil surface is probably inwersely linear;
any increase in the cancpy cover of trees or shrubs, or ground
cover, should therefore result in a concomitant increase in
moisture availability to the seed. In coptrast, the relatioaship
between substrate conditions and moisture stress is mnot as
straightforvard. Litter layers act as a surface mulch, and
depress the evaporation rate from the soil surface, but as the
litter layer increases in thickness it is increasingly difficult
for light seeds such as thcse of P, garibaea to penetrate ,the
litter mat to contact moist scil underneath. Hence there is a
"yindow®™ of intermediate litter—ghicknesses in which the

probability cf seed dessication is ainimised.

Seedling survival may also be controlled by a similar suite
of environmental variables. In open stands with high
radiation-intensities and thin litter-layers, seedling surwvival
may be reduced due to soil dessication or very high soil-surface
temperatures. Seedlings say also suffer from moisture stress in
stands in which co-petition for moisture with members of the

tree, shrub, or ground flcra is intense.

Because it is virtually ispossible to measure the moisture

supply in the amicroenvironment of a large seed and seedling

population in the field, the influence of intermediate variables
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(radiation, ditter, coapetition, etc.), will &e examined as

surrogates for moisture availability.
5.341; Radiation levels and seed germination

It has been postulated that seed-germination levels should
be inversely related to the radiation intensity en the forest
floor because of the increased dessication of the surface soil as
crown and shrub cover decreases. A plot of the median radiationm
—-intensity against initial ‘seedling-elergence (Fig. 5.14) ,
demonstrated that the relationship was more complex than had been
hypothesised. The predicted inverse relationship holds true for
stands in which the median radiation-intensity is greater thamn 75
% of that in the open. However, at intensities below this
threshold, seedling emergence rates level off, and decline below
50 % of full radiation. The marked departure of the field data
from the predicted values 1is presumably a respomse to the

influence of changing substrate conditions.

If the radiation-levels im the youngest group of stands are
significgntly greater than the levels in intermediate-aged
stands, then the lcw germination rates in young stands may be
attributable to dessication brought about by high radiation
intensities. A comparison of the measured radiation—-levels in
these two groups of stands by the Koimogorov-Sairaov tuo—sanplé

test (Table V.14), indicated that radiation—-levels were indeed

' significantly greater in the yocungest stands. Thus the failure



GERMINATION (%)

139

[ ] 1 | 1 3 § 1 i 4
3.0- -
@
L
2.0 .
L
® ®
1.0+ ® ® »
L
o
- @
@
o (]
0.0 ! T | ! T ™ Y 4_""“
0.2 0.4 0.6 0.8 1.0

MEDIAN RADIATION INTENSITY
(0.0 - 1.0 scALE)

F16., 5.14: PERCENTAGE GERMINATION OF P, CARIBAEA SEEDS

IN THE- TRNCHED AHND CONTROL PLOTS AS A FUNCTION
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AFTER SOWING.
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TABLE V.14: KOLMOGOROV-SMIRNOV TEST ON RADIATION LEVELS IN STANDS
OF < 5 YEARS OF AGE'COMPARED TO STANDS QP 5 - 15
YEARS OF AGE.

Ho: That radiation levels in stands of less than 5
years are not significantly greater tham those
in stands of 5 - 15 years {1-tailed test).

Cumulative Frequency Data

|========—-- R ittt i
Stand i Radiation - Intensity |

Age 0.0 0" 0.2 003 0.“ 0.5 0.6 007 0.8 0.9 1'.

B B Rl Ittt e Bt Bl e Antnted Bt Bl |

i
{
|
|
| | | | ) | | | | i | |
l <S5 yrs. | 0| I 11 vt 1) 2931 54 81 50
! | | | | | I ! | | !
| 5-15 yrs. | 0 | I 12 4 20 | 25 | 29 | 32 | 48 125 |
| I | | | | I | | | {

Sni(x)=-Sn2(x)| O |.008{.056|.C76}.140).1801.162}.156}.224( O ¢

R B B B e B T e Bt B B

D = max [Sn1(x) - Sn2(x) ] = 0.224

%= 4.0 ((a1) (n2)/(n1 + n2))

4. {0.224), (35.740)

= 7.17
df = 2
Since X:ums 5.99, the D value is significant,

and the null hypothesis (Ho) is rejected.
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of pine stands to germinate in,these stands may be primarily dae
to low moisture—availability caused by high radiation

intensities.
5.3422: Litter depth and seed germination

It was suggested in the 1introductory statement to this
section that there is a complex interaction between the depth of
litter in a stand and moisture availability to the seed. It was’
further hypcthesised that pine seedlings would only become
established in a favourable ®window" of litter depths, being

excluded from the tails of the distribation by moisture stress.

Pearson (1923) encountered this phencaenon in ‘his work on
the regemeration of P, rosa stands in the soushwestern
U.5.A. He noted the beneficial effects of a light 1litter cover
on surface soil moisture and seedling establishment:

“Where the surface pat becones thick it
interferes with germination and induces shallow
root development. ¥Where it is not over one-half
inch thick, hcwever, it 1is a distinct aid to
germination, especially on soils which have a
tendency to dry out quickly at the surface...s."

Pearson, ibid., p.98.

If Pearson's conclusions hold true for P. garibaea then we
should expect that seedlings would in general be restricted to
only a short segment of the continuum cf litter depths, failing
.to germinate at both *tails® of the distribution because of the

perching effect of thick litter mats and the low moisture
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availability in areas with very thin litter mats.

In crder to test this hypothesis, and delimit the range of
such a #"window®, the litter depth neasurenenfs taken at randoa in
the sample stands (Section 4.33), were compared to the litter
depths at the base of extant first-year seedlings in a 100 sq.
m. subplot in each stand. A Kclmogorov-Smirnov two-sample test
on the cumulative frequency distributions of randoaly-sampled and
seedling-sampled 1litter depths (Tables V.15 and v.16) ,
demonstrated that the seedlings are indeed restricted to a
limited range of the litter depth continuum. In Table V.16 the
number of points in the randcm litter-saample in each stand is
equal to the number of seedlings sampled. 1In Tablerv.15 all the
random litter-saample points (40 per stand) are employed. Table
V.16 is formed from a random subset of the data wused in Table

V.15,

Seedlings are encountered 1less frequently than might be
expected by chance in microsites where the litter mat is less
than 0.5 cas. or mcre than 3.5 cas. in thickness. The
favourable "window® would therefore appear to be the range

between these two values in the stands sampled.

Microsites where litter is absent or very thin (< 0.5 cams.
in depth), are usmally associated with recent burns or areas
where pine density is low. The 1lack of a litter layer and

" concomitant .high intensity of solar radiation in these young
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J? TABLE V.15: KOLMOGOROV-SMIRNOV TEST ON ASSOCIATION BETWEEN
L LITTER DEPTH AND SEEDLING ESTABLISHMENT
- UNWEIGHTED DATA

Ho: That there is no difference in seedling
establishment with changing litter depth
(2-tailed test).

Cumulative Frequency Data

=== | = T T e T s e e - - =-==1
Sanmple | Litter Depth (to nearest 0.5 cas.) i

i |

Type |== ===~ |=== === || | | 1I===1-{

i 0.0 1.0 2.0 3.0 4,0 5.0 i

! |

Random* | 20 116 185 260 348 394 439 479 513 527 541 600§

| , {

Seedlingl 2 21 32 50 66 77 86 89 89 89 90 904

I | i

|
]
l
|
Rttt it Rt it hntetel Entind inteted hetutedl Rnandl hoindndt hettndf Riing Entutnd Retubd B
|
|
|
I

|
++8n1(x)-Sn2(x) | «01 .04 .05 .12 .15 .20 .22 .19 .13 .11 .10 .00}

R et -—mmmmmmm e -

-"

* This random sample consists of all litter-depth
measurements in all samgle stands (cf. Table V. 16)

"

D = max [Snl1(x) - Sn2(x) ] = 0.223
j{g 4.D% ((n1) (n2)/(n1 + n2))

4. (0.223). (78.261)

15.567

df = 2
Since _X:‘“f’f 13.82, the D value is significant,

and the null hypothesis (Ho) is rejected.
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TABLE V.16: KOLMOGOROV-SMIRNOV TEST ON ASSOCIATION BETWEEN
' LITTER DEPTH AND SEEDLING ESTABLISHMENT
- WEIGHTED DATA

Ho: That there is no difference in seedling
establishment with changing litter depth
(2-tailed test). ' _

Cumulative Frequency Data

|
{ Sample | Litter Depth (to nearest 0.5 cas.) |
| i ' i
I Type el batabad Eatndell Etabedl Rted hebtt Jutned Rttt Rntonndt Resuted ndutd Refutnd Bod |
.} } 0.0 1.0 2.0 3.0 4.0 5.0 |

R et B e e e B e Betd Bl etd Bt g B
1 | |
| Random* | 4 8 15 28 48 54 64 70 74 76 77 90|
| | i
| Seedlingl 2 21 32 50 66 77 86 89 89 89 90 904
! | i

501(1)'5112(!)] «02 .14 .19 « 24 «20 426 .2U .21 .17 «14 «14 000'

et L e

* This is a subset of the data employed in Table
V.16 The subset is a random sample of
litter-depth measurements, selected so that the
numaber of random observations in each stand is
equal to the number of seedling observations.

D
z

max [ Sn1(x) - Sn2(x) ] = 0,256

4.0% ((n1) (n2)/(n1 + n2))

4.{0.256)% (45.0)
= 9,21
af = 2

Since % = 9,21, the D value is significant,

E 2N
0.0t [a]
and the null hypothesis (Ho) is rejected.
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stands results in rapid dessication of the soil surface after a
rainstorn, As the pine canopy closes and the litter layer
increases in depth, the severe moisture conditions of these

mineral soil seedbeds beccme ameliorated.

Nerpin, Pakshina and Bondarenko (1969) show that a 1 ca
mulch layer can decrease evaporation by a faﬁtor of two and a 2
ca layer by a factcr of three, Bond and #illis (1969)
demonstrate that the evaporation rate is negatively correlated
with the amount of plant residue remaining on the soil surface to
act as a aulch. If their results are applied directlj to pine
litter residues thenm 450 g /sq. m. {~1 ca. thick) shculd lead
to a 50% reduction in evaporaticn over the - ten day
pre-germination period amd 670 g /sg. @m. {~1.5 cm.) to a 65%

reduction over the same period.

The hypothesis that moisture-stress is high in areas of thin
litter was further tested by examining the numbers of seedlings
that germinated im the control plots in open stands ( > 80 % full
radiation), as a function of mean litter thickness. A
Mann—-Whitney U-test (Table V.17), demcnstrated that seedling
emergence in the controls vas significantly louer>in those plots
with mean litter depths of 0.6 cas. or 1less. The failure of
pine regeneration in the youngest stands can therefore be

construed as due to the interaction of high radiation-levels and

thin litter layers.
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TABLE V.17: MANN-WHITNEY U~-TEST ON THE AMOUNT OF GERMINATION
IN OPEN STANDS AS A FUNCTION OFP LITTER DEPTH.

Ho: That there is no significant difference in
seedliny establishment in open (> 80% full
radiation) stands vhere the litter depth is
< 1 ca., compared to open stands vhere the
litter depth is > 1 ca.

Contrcl Plot Data

. - - - - - - D Y e e e s e e oo - .- - -—— s wm e - - -

} Stand Litter # Seed- Rank | Stand Litter ¢ Seed- Rank
{ # Depth lings $ Depth lings

- D D - - D DD D D D N D D DD D D D da D e -

|
|
| | ,
) 1 1.65 1 5 i 4 0.53 0 2.5
) 3 1. 15 5 6 | 16 0.19 0 2.5
) 8 1. 19 16 8 } 17 0.55 0 2.5
| 9 1.76 0 2.5 |}
I 14 1.56 10 7 i
| |
R s g R bt
i Rank sum = 28.5 | Rank suma = 7.5
i

Ue = (3)(5) ¢ (3(3¢1/2) - 7.5 = 13.5
U = (3)(5) - 13.5 = 1.5
p(U) = 0.05
Since Uge = 1.5, the difference in seedling
astablishment rates is significant, and the null

hypothesis (Ho) is rajected.
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The co~occurrence of these conditions, exacerbated by the
effects of rain-splash on the mineral soil, ccambime to produce a
rapidly dessicated, crusted soil surface which inhibits
germination and mechanically impedes the extension of the
radicles of those seeds that do gersinate. Bidlings (1938),
reported that the build-up of a litter layer with time ia stands
of P, echinata was the major cause of reduced pine geramination
in older stands. Litter mats > 2.5 cas {1.25 ins) in thickness
were impenetrable to the light pine seeds of shortleaf. pine,
which were in consequeace unable to obtain sufficient moisture
for germination. It 1is postulated that the same phenosmenon
reduces the germination success of P, caribaea in glder stands,
but that the upper 1limit of 1litter thickness for seedling
establishment is 3.5 cas. in this case. The difference in
litter thresholds for the two species is probably a response to
the differential penetrability of the seeds of the two species,
as the seeds of P. cgcaripaea from the study area are twice as

heavy as those of P, echipata (Lamb, 1973; Fowells, 1965).

Two experiments were undertaken to determine whether
perching of pine seéds om thick litter mats results in lowered
seedling establishment. One experiment was undertaken in the

field, the other in the laboratory.

A series of small quadrats vwere established in a £fenced,

open area 8 kas. north of Augustine (Pig. U4.5}. Pine litter

was spread to various depths (0 - 5 cnms. range), over .these
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quadrats, which were then enclosed by chicken-wire to exclude
predators. Seeds of P, caribaea were sown at a density of 200
seeds/sq. Be over the experimental treatments but ncne of the
seeds germinated. The gquadrats were re-established the followuwing
year and the sowing density was doubled, but again there was a

total germination failure.

The reason for this failure is obscure, but may well be due
to the presence of a surface soil crust in this open area.
Surface crusts result frca the Bpechanical action of raindrops
which tend to produce a patina of fine grained-material on the
surface of sandy or clayey soils. Such surface crusts dry out
very rapidly after rain and also are a mechanical impediment to
radicle extension in newly - germinated seedlings. Even when
covared with 1litter, as in some of the treatment plots, it is
doubtful whether these surfaces vere sufficiently =modified to

offer a suitable seedbed for germination.

To 1insure against further failure an eiaperiment was
established in the laboratory. The experiment was set up in the
incubators descriped in the earlier section on shading, with a
12-hour photoperiod, 20 - 30 * C thermopericd, and a light
intensity of 2000 ft.-c. Plastic pots of 57 sq. ca. sur face
area and 7 cn. defpth were filled with bulked sterilised soil

samples froa Mountain Pine Ridge. Air-dried pine needles were

chopped into 4 - 5 cm. 1lengths and pressed firmly onto the soil

sarface. Litter weights equivalent to 0, 100, 500, 1000 and 1500
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gas/sq. m. were spread across the surface of the soil to aodel
field conditionms. These 1litter weights represent approximate
litter depths of 0, 0.2, 1.25, 2.5 and 3.75 cas. respectively.
The pots were freely watered for a week and the evaporation rates
in the incubators were determined daily asing a Piche

evaporimeter. Moisture loss during this period averaged 0.387 ¢

’0.053 ml/ sg. cm./day. The pots were planted with 10 seeds of

P. caribaea, and one set of 4 replicates watered at a rate
equivalent to the rate of moisture loss from the evaporimeter and
another set of 4 replicates watered at half this amocuant. The

course of germination was monitored for a 40 day period.

As can be seen from Fig. 5.15, the total numbker of seeds
germinating decreases rapidly with increased litter weight under
both moisture regimes, and the relationship between the two

variables can be represented as a power function.

This relationship is analogous to that described by Billings
(1938), indicating the depressant effect of thick pine litter on
pine geramination. The data previously presented on the
relationship between seedling establishment and litter thickness
in the sanple standé (Tables V.15,16), show a grgat discrepancy
with these results, as maximum establishment has earlier been
stated to occur in the mid-range of litter depths. The reason

for this divergence in results is almost certainly due to the

great differences in substrate dessication between laboratory and

field seedbeds in sites with thin litter.
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APPROX IMATE LITTER DEPTH (cMS.)
1 2 - ?
1 {

o
o
i

1

F -
o
i

MEAN GSERMINATION RATE ()

0.5 1.0 1.5

LITTER MASS (KG/M.2)

PERCENTAGE GERMINATION OF SEEDS OF P.
CARIDAEA AS A FUNCTION OF THE MASS OF
THE LITTER SUBSTRATE. THE (®) POINTS
REPRESENT POTS THAT WERE WATERED AT:A
RATE ENUAL TO THE EVAPORATION RATE FROM
A PICHE EVAPORIMETER. THE OTHER (&)

TREATMENT WAS WATERED AT 507 OF THIS RATE. .
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5.343: The herbaceous layer and seed geraination

The grass and herb stratum may be analogous to the 1litter
layer 1in its effects con pine germination. It is postulated that
a light herbaceous biomass depresses geramination success through
exposure of the soil surface to high radiatiop-levels, whereas
heavy herbaceous growth represents a variant on the perching
phenomenon described in the previous section, that is, the light
pine seeds are unable to penetrate the thick clumps of
bunchgrasses, However, it should be noted that the biomass of
the herbaceous layer is inversely related to litter mass. Thus,
it is the perching effect of grasses that should be operative in
the youngest stands, and not in the oldest stands as is the case

with the litter layer.

A further series‘of experimental fplots were established in
the sample stands to examine the relationship between germination
rates and grass biomass. TwWo 0.25 sq. @. gquadrats were clipped
in each sample stand and all grasses and herbs removed. These
plots were sown at the same density and on the same day as the
control plots, and the course of seedling establishment and

survival was followed for the succeeding year.

In the clipped plots the overall maximum geramination rates

wvere the same as in the contrcl and trenched plots (0.88 %), but

- seedling emergence was delayed, and maximum rates were reached

some 2 - 3 months after the control treatments peaked (Fig.
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2=

SEEDLIMNGS (PERCENTAGE OF SEEDS PLANTED)

© 20 40 60 8 100 120 Mo 1%

DAYS AFTER FLANTING

Fi6. 5.16: SEEDLING ESTABLISHMENT AMD SURVIVAL IN THE cLIPPED (&) AND
CONTROL (®) PLOTS.,
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5.16) . The reason for this delay in germination is presumably
the decrease in surface soil moisture proapted by the removal of

the grass cover.

A G-test of association (Table V.18), demcnstrated that
initial seedling estatlishment on the control plots does
fluctuate with changing herbaceous biomass, with seedling

emergence being most prolific at intermediate levels (0.2 - 0.4

KGg./SQeR.) «

The geramination failure of pine seeds in very young stands
can therefore be ascribed to seed-dessication due to high
radiation intensities, thin 1litter 1layers and the lack of a
herbaceous stratuk in these recently burnt, open areas. It was
postulated im Section 5.34 that the primary coatrol on seedling
survival in the first year was also moisture stress, resulting
again from high radiatico-levels, thin litter mats, competition
for moisture with other plants, or combinaticns of these
variables. Because of the very 1low initial establishment of
seedlings in open stands with thin 1litter 1layers and high
radiation-levels, no test can be pade on the effects of these
variables on seedling survival. However, the effects of

inter-plant coapetition can be assessed.
5.344: Seedling survival and root competition

Much of the classic literature in forest ecology attempts to

discriminate between the roles of shading and moisture levels as
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18: G-TEST OF ASSOCIATION BETWEBN GRASS BIOMASS
AND STANLC AGE

Ho: That there is no difference in seedling establishaent
rates with changing grass biomass (2-tailed test).

(kq/m. )

- e e - - - -

. A G She GEn GEs G GEe G GEe G e (e G G G

«Q
H "

df

, 2
since X, G

Treataents (a=2)
Categories (b=3)

coaseoeoeeeseececeaeseseaeeeeeoemsoes [ Cocoaoeoooomses

| |
Control Clipped [ Row | Control/ |
Plots - Plots | Sun | Total |
(dav 15) (day 132) | | |
°°°°°°°°°°°°°°°°°°°°° il Rttt |
| \ )
68 17 i 85 | 0.30 |
[ | |
95 3 | 98 | 0.97 |
| | |
117 10 | 87 | 0.88 i
| | |
------------------------ |====—=s=so= |
240 30 i 270 ] |

| I

| |

Table V.5 tor G-test aethodology)

2 [1128.504 ~ 1215.486 -1417.389 + 1511.574]
2 [7.203)

fl
~N

(a-1) (b=-1)

10.597, the G value is significant,

and the null hypothesis (Ho) is rejected.
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controls on the dynamics of forest stands. A comprehensive
review of this 1literature is foumnd in Kozlowski {1949) .
Nineteenth century workers (e.9e. Heyer, 1852) emphasised the
inportaﬁce of shading as a limiting factor in the regeneration of
pioneer successiopal species like pines. However in the first
three decades of +this century a number of researchers (Fricke,
1904; Cieslar, 1909; Fabricius, 1927 and <Craib, 1929) analysed
the role of so0il wmcisture as a control on the regeneration of
early successional tree species, and concluded that competition
for moisture 1in forest stands was often a more iaportant
regulatory aechanism than shading. The technigue on which this
conclusion vas based was that of treanched guadrats, in ihiqh
experimental plots om the forest floor were surrounded by a
trench in which all superficial root systems were severed. This
effectively eliminated root competition, and sa0il moisture
availability in the plots increased (Craib, op. cit.), eﬁsuring

more rapid growth and greater survival of tree seedlings located

there.

Pearson {1930), working with trenched and contrel plots in
stands of PBinus popdergsa, demonstrated that the relative
importance of these two factors varied according to the 1local
climate and tree spacing. Korstian and Coile :{1938) used the
same technique in forest stands of the Piedmoat of the UoS.Ao
and noted the stimulatory effect of trenching on the seedling

‘populations. ‘They concluded that the factor responsible for
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inhibiting seedling regeneraticn was therefore competitiom for

soil moisture with established trees.

A more comprehensive experiment by Shirley ;(1945) on the
controls c¢f reproduction of Pinus resipnpsa, P. strobus, P.
banksiana and pPicea glayca concluded that either shade or
moisture may regulate the population dynamics of the young
conifers, depending on stand composition. Nevertheless, Shirley
considered that in general seedling survival was more dependent

on light intemsity thap root competition.

To test the hypothesis that root competitior for moisture
with neighbouring trees produces high seedling mcrtality in the
oldest stand age-category, trenches were dug arcund two 1 sq.
Aa. guadrats in each samgple stand to a depth of 15 cms. to sever
surficial roots of pine and hardwoods. These quadrats were sown

at the same density and on the same day as the coptrol plots.

Initial rates of germinatior in the trenched and control
plots were almost identical. Pifteen days after sowing 0.90 % of
the seeds planted in the trenched plots had germinated compared
to 0.89 % of the seeds in the control. Six months after sowing
the number of seedlings remainiag in the trenched plots was
significantly greater tham the numbers of seedlings in the
control but in subsequent @onths this difference gradaaliy
declined. At the final ccunt on day 388 there was no significant

difference between the two treataents (Pig. 5.17). It may be
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possible that this lack of statistical significance is caused by
the inclusion of plots with only low competitive stress, thereby
masking the more substantial coampetitive effects to be found in
older stands. Table V.19 presents the results of a division of
the sample stands into three groups based op their total tree
basal area. It is apparent that there is no difference in the
bseedling survivorship rates between trenched plots and controls
in the older sites where cospetition shculd be greatest, for in

both treatments seedling populations are virtually eliminated.

Consequently we can conclude that competition far soil
moisture with established trees, either pines or hardwoods, does
not play a causative role in the ipability of seedlings ¢to

establish in these older stands.

Competition for moisture and nutrients can also exist
between seedlings and the plants of the herbaceouns layer. If
competition with the herbaceous layer is severe, then the overall
mortality of. seedlings in the clipped plots should be less than
the mortality rate in the control plots. The reverse however is
true. Seedling mortality rates in the <clipped plots {(Fig.
5.16) , were slightly higher than those im the <¢ontrol plots,
indicating that coampetition for moisture with the herbaceous

layer does pnot lower seedling survivorship.
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TABLE V.19: SUSVIVORSHIP CF PIRST-YEAR SEEDLINGS OF P,
CARIBAEA IN TKENCHED AND UNTKENCHED PLOTS
AS A FUNCTICN CF STAND BASAL-AREA.

- - - - - - '-------_-------‘------“---—---"

|sq.m. Sq.ft. | Day 15 | Day 192 | Day 388

|===-========- |
| Basal-Area | Treach Cntrl,| Trench Cntrl.| Trench Cntrl. |
I Sun [ [ [ |
=== |====eosmmemmm—— Rttt s | Rdeaiietetntedettt |
| €0.5 <5.4 | 10.4 0.6 | 5.9 3.6 | 4.0 3.2 |
[ | | | {
'. 0.5- 5.“" . 11.5 6.0 ‘ 0.5 1.0 ‘ 0.0 1‘0 .
| 0.99 10.8 | | ) |
| | [ | ]
| 1.0 >10.8 | 7.5 6.6 | 0.0 0.00 | 0.0 0.5 |
[ ) | | !
l
|
|
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5.345; Seedling survival and thick litter layers

Pearson (1923), contends that survivorship of seedlings of
P ponderosa declined with increasing 1litter thickness as a
result of root inhibition. Bilan {1960), reported the same
phenoaenon in seedling populaticns of P, taeda grown in thick
litter, and shading of the soil surface also arrests root
development according to Kozlcwski (1949). The continued growth
of roots and shoots ef pine seedlings depends also upon the
infection of their roots by ectoamycorrhizae, and the consequent
increase in nutrient supply to the higher plant. In normal
circuastances (e.g. in nurseries), infection by mycobionts

occurs 3 - 6 weeks after germination (Zak, 1964).

Mycorrhizal fungi may themselves be inhibited by certain
environmental factors, and consequently the seedlings in these
environments are 1less vigorous (due to decreased uptake of
nutrients, particularly phosphorus), and more prone to disease
{Sasek, 1967). The conditions that inhibit mycorrhizae are the
same as those that favour pathogenic fungi - 1low 1light
intensities (Hacskaylo and Snow, 1959; Wilde, 1968) and thick
litter 1layers (Bilan, 1960). It is proposed therefore that this
combination of circumstances of thick litter layers, shaded and
moist surface soils, inhibits formation of mycorrhizae on the

roots of pine seedlings in older stands. In consequence the

seedlings become 1less vigorous and more vulnerable to disease,

and the mortality rate may therefore be auch greater in these
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older stands. \

whatever the operative mechanism, the data from the control
plots do demonstrate a strong positive corfelation {(Table Vv.20),
betveen litter depth and seedling mortality. In addition, the
litter depth is significantly greater (Table V.21), in stands
older than 15 years, than in interlediate—aged stands. It is
proposed therefore that the @wmassive decline in seedling
populations in these older stands is primarily a response to
decreased root growth mediated by thick litter layers, and
exacerbated by low light intensities and a possibde failure of

the pine-fungus symbiosis.

S.4: SUMMARY OF CONCLUSIGNS

We have seen that the overall small size of the seedling
population in P, caribaea stands is primarily a result of severe
seed-predation. Although the relationship between seed density
and seed-harvesting rate has not been investigated, it is 1likely
that the seed populaticn is reduced by scme 60 % during the
pre-germination period. Seed-predation during the main period of
germination {10 - 40 days after dispersal) may account for almost
all the remaining seeds. In conseguence, the =ean paximuam
germination in the <control plots was only 0.89 X of the seed

population.
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TABLE V.20: SPEARMAN'S RANK CORRELATION BETWEEN MEAN
LITTER DEETH AND MORTALITY OF FIRST-YEAR
SEEDLINGS.

Ho: That there is no positive association between amean
litter depth and seedling mortality.

D A - - e e g - - —— - - - - o

:Stand : Litter Rank : Mort. Rank : 4i di
H $ ¢ Depth : (%) 2
H 1 s 1.65 5 81 2.5 : 2.5 6.25
: 2 st 3.92 12 : 100 12 : 0 0
: 3 s 1.1% 2 95 6 I 16
: 4 s 0.53 ) I 85 4 s 3 9
: 5 s 4.06 13 97 9 : 5 25
H 6 s 2.39 7 : 86 S s 2 4
: 7 : 3.9 9 : 100 12 s 3 9
H 8 S P §) 3 15 1 : 2 4
: 10 : 3.66 1" 87 6.5 : 4.5 20.25
s 12 s 2.36 6 98 10 : 3 9
: 13 : 3.65 10 : 87 6.5 ¢ 3.5 12.25
L 1) : 1.56 4 : 81 2.5 ¢ 1.5 2.25
s 15 T 2,49 8 = 100 12 s 4 16
(cas.) [di’ = 144.0
N
6 Y ai*
i=1
rs = 1 - = ¢+ 0.605
N® - N
N - 2
t =rs v/__ — = 2.44
1 -5
df = N - 2 = 11
Since tg ,,, = 2.201, the rs value is significant

in a one-tailed test, and seedling mortality is
positively correlated with increasing litter depth.
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TABLE V.21: MANN-WHITNEY U - TEST ON MEAN LITTER DEPTH
IN STANDS BEIWEEN S - 15 YEARS AND STANDS
OLDER THAN 15 YEARS. :

Ho: That the mean litter depths in older stands are
not significantly greater than mean litter depths
in stands of igte:lediate age (1 -~ tailed test)

STANL AGE
: Litter Bank : Litter ; Rank :
: Depth : : Depth H H
: 0.53 = 1 S 1.65 & 4.5 =
: 1. 15 > 2 . 2.36 : 7 :
: 1.19 % 3 : 2.39 : 8 H
: 1.65 : 4.5 H 2. 49 : 9 )
: 1.76 : 6 '3 3.19 : 10 e
: H : 3.65 s 1 :
s : : 3.66 : 12 4
: d : 3.92 : 13 :
: : : 3.93 H 14 :
&% & : 4.06 : 15 :
.: =ms. : 16.5 H s, : 103.5 H

5(5¢+1)
U’ = (5)(10) ¢+ ________ - 16.5
2
= 48.5
U = (5)(10) - 48.5 = 1.5

p(U) < 0.001

Since Ug,qs < 11 tor a one-tailed test, the
difference in mean litter depths is
siguificant, ard Ho is rejected.
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Although predation of seed populations is intense, it is
apparently uniform 1in stands of varying age, and cannot explain
the observed differentials in seedling establishment with stand .
age. These differentials consisted of a massive failure of seeds
to germinate in very yocung stands (< 5 years), and very heavy
mortality of seedlings in stands > 15 years of age. Geraination
and survivorship were both maximised in stands of intermediate
age (5 - 15 years). Statistical analysis of stand data
demonstrate that 1light intensity does not becosme limiting for
seedling establishment in the stands sampled, and that neithér'
competition for soil resources with neighbouring trees, nor
inter- or intra-specific allelopathy had any significant effect

on seedling recruitment.

However, seedlings were restricted almost entirely to
microsites where the litter was between 0.5 and 3.5 cas. in
thickness. A litter depth of 0.5 cas. may be attained 1 - 2
years after a fire in dense pine stands, but may cnly be reached
after a decade in very open areas. Litter layers less than the
lover threshold are associated with significantly higher
radiation-intensities, and the interaction of these two variables
promotes dessicaticn and crusting of the soil surface which 1in
turn inhibit germination and impede seedling.emergence. Litter
thicknesses between 0.5 and 3.5 cms. act as a mulch to conserve
surface soil moisture and promote seed germination. This

accounts for the highest seedling geramination rates in stands
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between 5 and 15 years of age. Above the 3.5 cas. threshold
(attained in all but the most open stands 20 - 25 years after
disturbance), the litter layer forms 'a barrier to seed
penetration. Seeds which are washed down through the litter nmay
germinate, but have reduced survivorship due to shallow root
development, which is a result of lowered light inteasity and the
thickness of the litter mat. These eawvironmental conditions nmay
inhibit infectiomn of the young pine roots by ectomycorrhizae and
seedlings become less vigorous and less resistant to parasites
and disease. 1In addition, predation of seedlings by phytophagous
insects exacerbates the severe mortality rates in stands over 15

years of age.

Consequently, the population dynamics of P, caribaea
seedlings appear to be subject to two major comtrols: (1) severe
overall decimation by post-dispersal predators, and ({2)
differential success of those surviving this predation as a
consequence of changing seedbed comditiops (primarily a response

to litter depth) as stands age.
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CHAPIER SIX; CONSIRUCTING THE . SIMULATION MODEL

6.1: INTHRODUCTION

The previous chapter has dealt in sosme detail with the
dynamics of seedling porulations of pPinys cagfibaea, and the
environmental controls on seedling dynaaics. Because of the
longevity of mature trees, it is exceedingly difficult to examine
stand dynamics through field observation and experimentation. 1In
consegquence a simulaticn model is employed to analyse the changes

in mature tree populations.

The model outlined here only considers intra-specific
interactions in the development of stands of P, caribaga. This
can be justified om the grounds that the hardwood species
associated with Caribbean pine fora a very smald proportion of
the total biomass of the sample stands, and therefore their
influence on stand development can be considered to to be slight.
This assumption was confirmed by Kellman (1976, p. 14), who
states: wNeither brcad-leaved tree abundance, ¢nor) shrub
abundance e.cccee aépea: to have any significant effect on pine

growthw,

Data on the growth, yield and mortality of P, caribaea in

Mountain Pine Ridge are limited. Incrememnt plots and thinning
i

plots were established by Lamb and Wolffsohn in the 1late 1950's

but all the records from these were lost in Hurricane Hattie in
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1961, when the entire research, laboratory was destroyed. The
only data available come from a single plantation set up close to
of Augustine in 1959 which has been censused irregularly since
then, and from a further series of increment plots which were

laid out in 1967, censused yearly.

In order to model the growth and yield 6f stands by the
individual tree gmethcd, the important characteristics of each
tree in the stand must be accurately specified, and incremented
on an annual basis. There 1is gemeral agreement as to what
constitute the important variables to be examined in a stand:
height, dbh, stem vclume, crown size for each tree, and
mortality, fecundity, density and spatial distribution of trees

for the stand as a whole.

In PINUS, the model to be developed here, each of the above
components with the exception of tree location is specified and
incremented in the sequence outlined in PFig. 6.1. The
locational variable 1is necessary in those sisulators which
estimate the competitive status of an individual tree based on
the density and size of its iammediate neighbours. A more general
method of calculating  inter-tree competition is employed inm
PINUS, for which the spatial distribution c¢f individual trees is
not a prequisite. The rationale of this alternative approach is
discussed in detail inl section 6.4 of this chapter. PINUS

generates and grows a stand and performas an annwal update by

calling six workhorse subroutines:
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Subroutine BIRTH - inputs new seedlings into the
stand.,

Subroutine LEAF - calculates crowun
characteristics for each tree in the stand and
for the stand as a shole.

Subroutine GBOW - grows each tree in the stand.

Subroutine MORT - allocates mortality between
trees. ‘

Subroutine THIN -~ provides flexible thinning and
logging schedules.

Subroutine LIST - accounting procedure to keep
track of trees culled by MORT or THIN.

In addition, there are two subroutines (RANDU and GAUSS)
vhich generate uniform and normally distributed pseudo-randonm
nuabers respectively. The main program regquires as input five
itemas of data:

a) Number, diameter and age of initial tree
population. These may be seedlings imn a
plantation, trees in an uneven-aged stand, or
seedtrees left after tree-harvestinge.

b) Age of the plot im years. Uswally set to zero.

c) Thinning schedule. Intensity and fregquency
options.

d) Time span for simulation in years; and tinme
period between printocuts.

e) An initial randcm-number for RANDU and GAUSS.

\
PINUS then proceeds to update the changes in population
structure and individual tree growth annually, until a maximunm
age of 50 years is reached. This limited time span was chosen

 because only a very small number of trees in the study area were
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over 35-40 years of age, due to the combined effects of logging
and wildfires, and validation of the model output for older

stands vas therefore impossible.

The successful isplementation of PINUS required the
development and validation of four procedures, which are
described in detail in the rest of the chapter:

‘1) Development of a procedure to nmodel pine
seedling establishment over time.

2) Development <c¢f a procedure to model the
morpholeogy and growth of each tree based om its
competitive status.

3) Development ¢f a procedure to aldocate
individual-tree smortality as a function of its
competitive status.

4) Development c¢f a procedure to ispdenment
flexible logging and thinning schedules.

The functional relaticnships used to model these parameters
were not always the most biologically meaningful relatiomships.
In a few cases intermediate or surrogate variables were enmployed

in place of "proven®” functional variables in order to facilitate

mathematical computation.
6.22 SEEDLING ESTABLISHMENT

The input of nev seedlings to the stand is handled by
subroutine BIRTH. BIRTH requires data on the following
variables:

a) Seed production as a function of tree size
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b) Total seed production in the stand

c) Potential germination of dispersed seeds

The field data on cone and seed yields per tree in 1973
(Pig. 5.2), are employed to generate seed production for each
tree in the BIRTH subroutine (= FECU vector). The aaim progras
first calls ;nbroutine STAGES which groups the trees oa tﬁé plot
iato 13 size classes (vector STRUC), and ihen BIRTR obtains the

total seed-production (SEEDP) from:

13 '
SEEDP = I (FECUy . STRUC4)
 yey

As we have seen in Chapter FPive the nnvitonlental‘~con£tols
on germination are very intricate. Although radiationm 1ntensitj
per se does not control seedling establishsent, interactions
betveen radiatidn intensity and substrate jointly deteraime local
soil moistare availability. This in turn regulates seod'
gersination aad survivorship. Ideally vwve shonld like to
calculate soil moisture directly'fron physical principles in the
manner of Janssen (1974), but this would involve a considerable,
probably unwarrated, increase in the cosputational complexity of
the model. Not only that, but field data to validate the

necessary eguations are not available for the study area.

Consequently the variables of radiation intensity, 1litter
veight and grass bicmass are used as surrogates for soisture
availabilitf in this section. The relatiopship between these

variables and germinaticn vas discussed in Chapter FPive. The
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relationship between median' radiaticn-intensity and initial
seedling-establishment can be approximated by a third-degree

polynomial (Fig. 6.2) of the form:

L4

Y = 5.36 - 23.34(SLITE) + 209.8(SLITE)2 - 192.06(SLITE)3 = (1)

vhere SLITE is the median radiation-level on the forest
floor. Although the analysis of variance for this regressios
equation indicates that the overall regression is not significant
(r = 1;ou; df¢n1) = 3, df(n2) = 13) at an 4 = Sl level, th§
réqiéssion does account for 20 % of the total wariance in the
germination data, and will be retained as a basis for the next

The residuals from this regression equatiaoan <can Dbe
decomposed into the effects of a number of (factors; lécal
variations in radiation iniensity, the variable thickness of the
litter shbstrate, variaticns in grass growth, leasnreient etrots,
and s0o on. Pield data om two of these variables exist, nalqu,

litter and grass mass cn the forest floor.

The mass of litter at a site can be calculated as a functioan
of the total basal area (BASUM), the stand age (MAYR), and thcl
nusber of dominant trees on the plot (DOMT = trees >400 sq. ca.
basal area) A msultiple regression analysis of the field difa

(Table VI.1; Fig. 6.3) prcduces the following eguation:
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TABLE VI.1: NULTIFLE BEGRESSION ANALYSIS OF THE BFPECTS OF

PINE BASAL ABEA, STAND AGE AND DENSITY OF DONIMNANY
TREES ON LITTER WEIGHT.

) b b

nuitiple Corzelatdon |

Pine Basal Area 0.615 ' 37.77
Stand Age 0.748 18.23
Dominants 0.80%& 8.63

Begression Coefficients
Vaciables _____ Coefficient ___ Besa Coefficient _

Coastant 16.8200

Pine Basal Area 0.0134% 0.4163
Stand Age 2.5191 0.1847
Dosinants 6.5150 0.3776

Partial Correlation
-Yagiables . ___Partial Corr. Coeff. __ Prob. Level

Pine Basal Area 0.4886 0.04
Stand Age 0.0283 0.32

poainants 0. 4342 0.11
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ALITT = 16.82 + 0.01337(BASUM)+2.5191(MAYR)+6.515(DOMT)

The mean grass bicmass at a site is correlated wuith the

median radiation intensity (r = 0.550; d4f = 14), and cah be

estimated {rig~ 6.4) by the linear regression eguation:

GRASS = 30.47 + 91.00 (SLITE)

When taken singly both litter and grass weight proved to be
poor predictors of the direction and magnitude of the residuals
from eguation {1]}. In ccnsequence these twvo variables were
combined, and their product proves to be of predictive taiue
(Pig. 6.5 ). At lov combined grass and litter weights pine
gérlination 1# inhibited, presumably due to dossicition of the
soil surface. High values of the 1litter-grass index are alsq
associated wvith depressed germipation rates, probably due to the
thick litter barrier, associated vith heavy grass cover. All the
positive residuals are fcund associated with intermediate values

of the grass-litter index.

The predictive function fitted to this data is

discontinuous, and is of the fora:

y = a. GRLT. ¢ ORLT.s

vhere the y values are the residuals, and the GRLT values
represent the grass-litter index. The values of the coefficients

in the equation are:
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GRLT < 1.0: s = 0.8; a = 5.0.

GRLT > 1.0: s = 3.2; a = 50.0.

This functiop explains some 78 % of the residual variance
L ]

and therefore SLITE and GRLT account for 82 % of the total

variance in the germination data.

These cosbined equations are used to calculate the imput of
seedlings to PINUS. Because of the large amount of co-pntét
memory required to keep track of these young seedlings, the BIRTH
subroutine also calculates first-year aortality ind cullé ‘the
number of seedlings accordingly. This 1is acconpliihod_by an
algoriths which expresses first-year mortality as a iunbtibn.vbf
stand basal area (BASUN) . Although the slrvivotlhip'vot
first-year seedlings has been shown (Section 5.3u5) to be
inversely correlatéd with litter depth, the relationship between
survivorship and total stem basal-area (lhich is highly
correlated with litter depth), is more mathematically tracﬁablo,
and is substituted for litter depth in this section.. The nusber
of germinated seedlings (BORN) is derated by a logistic eqn#tidi
expressing the probability of surviving in each year (Pig. 6.6)

according to this equation:

BORN = BORN. 100 - 95.0
o4 8+0.00076(BASUM)

1+
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6.3: TREE MORPHOLOGY )

The variability of tree dbh and height distributions in
stands has Leen the subject of a number of studies (Meyer, 1930;
Nelson, 1964; Bonnor, 1967). Attempts to model dbh distributions
for instance have employed the geometric series (de Liocourt,
1898), the normal distribution (Lee, 1967),vthe gaama (Nelson,
1964, Hatch, 1971), the beta (Clutter and Bennett, 1965) or
Charlier®'s distributicn (Meyer, 1930). These approaches have been
necessitated by the fact that all the above models oamit the
seedling stage, and therefore some nmeans of generating an
instantaneous stand is necessary. In aodels vhich incorporate
seedling dynamics, no such artificial technigues are needed. 1In
PINUS, as each stem attains breast height it is assigned a dbh of
2 cm. and the stochastic nature of seedling growth produces
variable dbb distributicss. The height of each seedling is
assigned on the basis of its age-class, and is generated by the
subroutine GAUSS, which calculates normally distributed randon
numbers based on the mean and standard deviaticns ©of the seedling

height - age structure relaticns plotted in Fig. S5.3.

Height characteristics are gemerated by procedures outlined
in the section on growth components. Tree volume (in cu.m.) is
specified both as over-bark volume (VOB) and under-bark volume
{VUB). These are two of the principal output variables in the

model and are used to estimate stand yields.
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VOB = 0.0001(BA:H.FF)

VUB = 0.00001198.ppy3-028

vhere BA is the basal area of the tree and H is the height.
The fora-factor (FP) of 6.00 is the Bmean value found froas
increment plots in Mountain Pine BRidge. The equation for VUB is
taken fros Johnson and Chaffey (1973) for P. gcakibaea in

Mountain Pine Ridge.
624; CONPETITION AND TREE GROWTH

The growth rate of a tree is a function not only of its
.genetic preadaptations to the environment, but also of tﬁo degree
of competition it receives for radiant-emergy, moisture and
nutrients from neighbcuring trees. For sost pine ‘specin; (see:
Stiell, 1970) «competiticr for radiant-energy apgears to 5@ the
most limiting of the three. Several authors have ptopesbd
measures for gquantifying competitive stress in forest stands.
The area occupied by branches and roots varies with the siin of
the tree and can be considered the tree's ®"influence zone®
(Zinke, 1962; Opie, 1968). The degree of invasion of the
influence zone of one tree by those of its neighbcurs can then be
utiliséd as an index of competition. Several such indices have
been proposed (Lin, 1969; dNewnbam, 1964; 1966; Mitchell, 1969;
Bella, 1971; Lee, 1970; Keister, 1971; 1972; Hatch, 1§71; lrney;
1971; 1973; 1974). All tﬁese measures requite data on tree

>locatiou so that the degree of overlap can be coaputed.
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Where the locational variaple is nmot taken into account, as
in this simulator, some other «criterion of the dagree of
competition 1is required. Botkin, Janak and Wallis (1970, 1972)
propose that in small research plots, the radiation—-intensity at
the top of an imndividval crown at depth d in the canopy, can
serve as such a measure. Their procedure entails the calculation
of the total leaf-area of all other trees on the plot to express
the degree of nmutual shading of neighbouring trees. This can
then be used as a surrogate for the more traditional coampetition
index. Anpnual growth increments are then calculated directly
based on the degreé;of shading. To utilise this technique data
are required on the relationships betweean canopy structure, the
radiation-intensity at the top of the canopy, and stem growth

rate

6.41: Leaf. Ares. .Ecliage Distribution. and_ gadiation
Istensity

There are several successive growth flushes each year in the
pine stands of the research area, and each ope is represented by
repeated formation and release of terminal buds. Repeated
elongation of the shooct apices produces.a branching system which
consists of an unneedled Lkranch, about 50 - 100 cms. in 1length,
from which the needles have aborted; followed by a thinly-
needled portion, representing the oldest part of the <current

flush. This grades 1into a shcot om which the needles are much

‘denser, cullihating in a terminal bud surrounded by expanding
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leaf primordia. Lateral shoots, off the main branches possess the

same seguence of features on a smaller scale.

Each growth flush is therefcre tepreseﬁted by a distinct
*clump® of needle fascicles, separated from other such *cluaps’
by unneedled or sparsely-needled branches. The size of these
needle clumps varies somevhat with shoot vigour, decreasing in
size with increasing shade towards the base and to the interior
of the crown, but each needle cluap forms a unit from which the
total needle area and foliage profile cf a pine crown cam be

computed.

In order to describe the relationship between 1leaf area,
crown depth and foliage distribution in Pigus caribaea the
folloving techmnique was employed. A sample of eight open-grown
trees in the 15-20 year age-class was climbed and the number of
needle clusps in 1—-ametre verfical intervals was 'estinated by
measuring the height of the Jjunction of the trunk with every
branch, and counting the number of clumps on each branch. This
method underestimates the amount of foliage at the top of each
crown because of the negative geotropic response 9f pine branches
particularly in the top 20% of the crown (Fig. 6.7), but these

inaccuracies will be ignored im this discussion.

Two "average® branches were selected from the mid-pertion of
each crown, and were remcved tc determine the photosynthetic area

of each needle clump. The length and width of each needle wvas



"16, F.7: An OPEN-GROUN INDIVIDUAL OF PIMYS
CARIDAEA, ILLUSTRATING THE DISTRIBUTION
0% NEEDLE “cLuMPsS” AND THE FOLIAGE
PROFILE. (pHOTO BY laMp, 1073,)
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recorded, and the  photosynthetic area of a single needle vas
estimated as simply 24..%W), wvhere L and W are the needle 1length
and width respectively. Each clump (Table VI.2) contained 100‘-
300 needle fascicles (300 — 900 needles) representing 0.25 sq. n.
photosynthetic area per clump, with both sides of the needles

being measured.

The véttical distribution of needle area can be calculated
using this data base (Pig. 6.8 ) and it can be seen that there
is considerable variation in the canopy msorphology between the
sanpled trees. The subject of foliage distribution and canopy
geometry is discussed by Horn (1972), w~ho contends that the
optimum profile for early successional tree species, including
pines, 1is an evenly-distributed array of foliage clusters
throughout the depth of the canopy (= multi-layer strategy).
Acﬁual foliage distributicns in pine canopies are described by
Storey, Fons and Sauer (1955), Stiell (1962), Kinerson and
Fritschen (1971), and Kinerson, Higginbotham and Chapman (1974).
Their results indicate that foliage distributions may be
approximated by a normal distribution, but Hall (1965) presents
evidence which indicates that in older pine canopies this siaple
relationship breaks down, and there is comsiderable wariation in

the foliage profile of mature dominants.

Of the eight trees sampled, three (#3,5 and 8) exhibit
normal leaf-area distributions with camopy height, two, (1,6) are

log-normal, and the others are approximately uniform or
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TABLE VI.2: MORPHOLOGY OF NEEDLE CLUNPS OF P. GARIBAEA.

- -

) { e
| Length of}| Length of | $ of Meedle

| ;
[ | Needle | :
| Onneedled| “Cluap" | Pasci- | Density | Area $ |
i Branch | (cm.) | cles | (needles | (sg.n./ | ;
: (ca.) : | | /Che) : 'clu-p') : '
- e e w | - - ‘ - ‘ - —-iin ap
| 96.5 | 15.2 | 198 | 39.1 [ 0.25 i
b 79.0 26.0 | 210 | 24.2 | 0.27 { r
| 3.0 | 32.0 | 268 | 25.1 | 0.34 { *
| 18.5 | 10.0 | 90 | 27.0 | 0.16 i u
1 25.0 6.0 | 146 | 27.4 4 0.26 y &
i  62.0 8.0 | 84 | 31.5 i 0.15 i h
| 31,0 | 10.2 | 188 | 27.6 | 0.33 ‘ .
[ 19.0 33.0 | 250 | 22.7 i 0.45 i o
I 42.0 | 26.5 | 233 | 26.4 i 0.30 ' y
| 53.0 | 18.0 | 170 i 28.3 | 0.22 I ¢
i 67.0 | 28.0 § 274 | 29.4 | ©0.35 ¢ |
I 29.5 | 15.5 | 135 | 26.2 I 0.17 i ;
| 17.0 | 11.0 | 137 | 37.4 i 0.17 | a
| 51.0 [ 31.0 | 317 | 30.5 | 0.40 i "
- o Bttt Rt desnntted Rty -1- ===
x§ 641.6 | 20.2 | 192 | 28.6 i 0.25 1
e henadenied| -—===1 pnee he
s

Nean Surface Area of an Individual Needle = 4.22 sg. cm.
{(p = 100 needles)
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multimodal. These individual foliage profiles were averaged to
form a composite profile. 1In Fig. 6.9a the compesite profile
represents the mean for all trees at all heights, shereas in Pig.
6.9b the profile is the mean for each one-third of the crown.
Depending on the method used, either a log-normal profile (Pig.
6.9a), or an approximately uniform distribution (FPig. 6.9b), can
be produced. Because of the ambiguous nature of these results,
it was decided to proceed with the simplest distribution, the
uniform (Fig. 6.9b), as a model for needle distribution in the
canopy, as this entails fewer assumptions about the exact form of
the distribution than with the alternative mormal or log-normal
distributions. The crcwn cf P, caribaea is therefore represented
by a cylinder with uniform foliage-distribution throughout its

length.

There is a complex feedback mechanism linking needle area,
productivity, tree size and radiation interception by the canopy.
As early as 1864 Pressler proposed growth laws for forest trees,
each of which stressed the contrclling influence of crown-size on
stea growth and iorphology. Several authors have noted that this
relationship can be investigated by regression analysis of stenm
morphology against fcliage asmcunt. Loomis, Phares and Crosby
{1966) note that the slope of such a regression equation does not
change with increasing stand density in plantations of P,
echinata, so stand variables were omitted from the following

‘analysis. Data on three mcrphological variables (Tree height,



T TR IR AT e

R ARRRE S Sl R MCUREE Y CREASERR b L - o= il S SRR o= F Rt ik < o LR S RS ERE S S

(M,)

STEM HEIGHT

Fis., €.9:

190

0 o wge

0O 5 Vv 15 0O 10 20 30 0
NEEDLE NEEDLE

AREA (M.2) AREA (M.2)

MEAM NEEDLE-DISTRIBUTION PROFILES
FOR THE SAMPLE OF P, CARIBAEA TREES
PLOTTED IN F1G6., 6.8,

-In (A) THE PROFILE IS FORMED BY

CALCULATING THE MEAN FOR ALL TREES
AT ALL STEM HEIGHTS.

IN (B) THE PROFILE REPRESENTS THE
MEAM VALUE FOR EACH ONE-THIRD OF THE
PROFILE OF EACH INDIVIDUAL TREE.

o P A




191

Basal ares and Crown length) and the total needle area were
recorded for a sample of 38 trees in stands of varying density ina
order to analyse iheir re¢lationship. Linear regression apnalysis
of the raw data indicatedthat all three morphological variables
vere highly correlated (9399 X) vith needle area, but that Basal
atéak had tﬂ; greatest predictive value' (Pig. 6.10). The
lineatity'ot the relationship between the two variables ia
questionable however, and 1log-log transforsation of the fiald
data yields an r value cf 0.88, compared to 0.82 for the 11h§ht~-

model. This transformation produces an eguation of the form:

ELA = 0.10.Bal+0 [2)

vhere ELA is the estimated needle area for each tree. fh§
predicted values of this equation are compared with those of
Kinerson, Higgingbotham and Chapman (op.cit.)for P, taeda in
Fig. 6.11. It can be seen that there is a fairly close

correspondence between the two over the range of coamon values.

The subject of the telatiohship between foiiﬁgé
‘distribution, canopy depth, leaf area and radiatiocn intansity‘has
been treated in a number cf theoretical papers (see for example:
Monsi and Saeki, 1953; Kasanga and Monsi, 1954; Saeki, 1960}
Donald, 1961; Verhagen, Wilson and Britten, 1963; deiib,
Williams and Duncan, 1967; Mcnsi, 1968; Monsi, Uchijima ' and
Oikawa, 1973). These workers describe the intetception of solar
. radiation by the plant canopy as conforaing to a negative

exponential relationship, generally expreésed as Beer's Law:
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Ig = Io. e 7 (3]

vhere: 1Id = radiation intensity at depth 4 in the camopy
Io = radiation intensgity at the top of the camopy
k = extinction coefficient

L = leaf area index (=leaf area per unit ground area)

For single plants this relationship holds true only if the
leaves ite arranged randomly in the horizonfal rlane, vhich is
patently not the case for most species. bllternitive' rtdiatién
penetration models which incorporate information om phyllotaxy
and leaf inclination angles have been developed, notablyf‘By
Saeki, Ivaka and Monsi (1965) Nichiporovich (1963) and ndi#i,'
Uchijima and Oikava (op.cit.), but the advantage of increiscd‘
resolutiop of these models is offset by wsuch qroatit'
data~-gathering effort in the field. The regular spacing of crop
ﬁlants, and their fairly simple foliage architecture make this
increase in data collection viable in agronomic research, but 4{n
silvicultural applications the environmental patchiness}that is a
feature of forest stands Lefore the canopy has closed produces a
very complex and variable woodland radiaticn epvironmeat, and, as
far as is known, no attempt has yet been made to apply non-tindoﬁ
foliage distribution models to tree canopies. Consequehtly iﬁ
the present study Beer's law will be retained as a working lﬁdol

of canopy illumination.
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The only modification that is made is that the subroutine
GROW does not <calculate the total leaf-area of the canopy but
instead sums the needl¢ areas of all partial or complete crouﬁs
above depth d to coampute the radiation intensity on that plane
(Pig. 6.12). Badiation-intensity in the model is expressed on a

dimensionless Scaie from 1.0 (full sun) to 0.0 (full shade).

The magnitude of the extinction coefficient k in eguation
f3) can be calculated from field data on the radiant-energ)
reaching the forest floor at solar noon presented in Chapter
Four. Although these data were collected at forest floor level,
it is presumed that a constant relationship exists between total
leaf area and the degree of shading at all levels in the canopy.
Computing the total needle-areas on each plot using equation ({2)
and plotting these against recorded median-radiation data
transforled to a 0.0 - 1.0 scale (FPig. 6. 13) yields the
following relationship:

AL = Tq = 1. ,=0.00058.5LA (%)
vhere SLA is the susmed needle area of all higher Canopies.

This is equivalent to a radiation extincticn coefficient of 0.23,

vhich is close to values quoted by Satooc (1967) for stands of P,

densiflora im Japan.
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Fi., 6.12:

MET:OD OF CALCULATING RADIATION-INTENSITIES
IN THE TREE CANOPY ADOPTED IN THE PIMUS
MODEL. FOR EXAMPLE, THE RADIATION INTENSITY
AT DEPTH D IN THE CANOPY (AT THE TOP OF TREE
#2), 1S CALCULATED BY SUMMING THE LEAF-AREAS
OF ALL ENTIRE OR PARTIAL CAMOPIES ABOVE THE
HEIGHT OF THIS INDIVIDUAL (Hp).
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6+42: SGrovh Lendgth ‘

In order to employ equation [4] to calculate the degree of
mutual shading in the stand, the canopy depth of individual trees
aust be known. The len;th of the crown is influenced both by
tree size and the degree of canopy closure. ‘Ware and sStahelin
(1948) show that the Bmean crcwn-length ratio (C.L.B. = crowa
length as a proportion of total tree beight) im 14 year-old
plantations of various southern pine species is sttongly
correlated vith stand density. To check these intertelationihips
the crown-lengths of all the trees (n= 1007) on 18 0.04 ha. (0.1
acre) gquadrats were measured in the Granite Basin Area. 7The base
of the crown vas taken as the height of the lowest live hfanch in
each case. Plotting of the C.L.R. of individual trees against
tree height in two plantation stamnds (Pig. 6. 14) givés some
indication of the variability of these data. It is apparent that
the wsorphology of the stem is of little predictive value in
detersining the C.L.R. cf the individual. Consequently an
atteapt was wmade to predict sean C.L.R.'s per stand using two
stand variables {(density and age of dominants), and then apply
these Bmean values to individual trees. A multiple linear
regression analysis (Table VI.4) of the stand data indicated that
only one regression coefticient was significant (t = 1.75; p = 95
% ) and so ve can conclude that the mean C.L.E. of a stand lﬁy

be predicted froa the relation

C.L.R. = 0.8672 - 0.002.D (r2 = 0.619)
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TABLE VI.3: AMALYSIS OF THE BFFECTS OF STAND AGE AND DENSITY
ON THE MEAN CROWN LENGTH RATION IN A STAND.

Bultiple Correlation

Yapiables . Multiple .. 5 _explasation _
Stand Density - 0.787 61.94
Stand Age - 0.803 2.54

Regression Coefficiepts
variables _ _.___Coefficient ____ Peta Coefficient _

Constant 0.672
Stand Density - 0.002 - 0.850
Stand Age - 0.00%4 - 0.123

Bartial Correlatiom

_Variables. _____Partial Corr. Coeff. __R2 = Delete

Stand Demsity - 0.787 0.065
Stand Age - 0.182 0.632
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vhere D is the stem density / quadrat. Plotting of these
results alongside those of Ware and Stahelim (op. cit.; Pig.
6.15) indicates a close ccrrespondence in the response of the

three tree species to canopy closure.

¢

6.,83: Growth Components

The growth rate equations presented here are taken directly
from the JABOWA stand simulator of Botkin, Janak and Wallis
(1970, 1972).

“The model consists of a basic growth rate
equation ... that may be taken to represent the
rate of growth o¢f a tree with optimum site
gquality and no competition from other trees. For
each plot- year this growth rate is decreased by
factors taking into account shading and
shade~-tolerance, soil guality, and average
climate as measured by the numsber of growing
degree—-days".

Botkin, Janak and wWallis, 1972: p. 853.

As the study area is only 600 sq. km. in areal extent and

restricted to one 1lithoclogical wunit, the climatic and edapbic

variables are osmitted from this model, and shading alone is
retained. The PINUS equation for a tree growing under optisus
conditicns becomes:
(D?H) = R.ELA.(1 - D.H/D H ) (5]
max’ max \
in which D is tree dbh, H is its height, with DMAX and HMNAX
being maximum values of these quantities. ELA is the estilatéd

leaf area, and B is a constant. For g, caribaea the wmaximua

¢

E
&
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values of these size variables in the study area are:
DMAX = 50 cas., HMAX = 3300 cams.

The model assumes that the annual growth increament of a tree
is proportional to the radiation it receives, derated by a factor
(1-DH/DMAX.HMAX) which represents the respiratory activity of the
tree over the same period. 1In other words it is assumed that
there is a limnear increase in maintenance metabolic activity with
increasing tree size (D2H), and consegquently growth beconmes

asyaptotic to DMAX, HMAX as t -> .

The height of a tree (in cm.) with dbh D (in cm.) is given

by the polynoerial:
H = 137.0 + boD - b3D?

derived from Ker and Smith (1955). The constants b2 and b3

are calculated by:

by = 2(Hmax - 137)/Dmax
b3 = (Hpax - l37>/Dmax2
so that when D=DMAX, HB=HMAX and dH/dD = 0. Egquation [5] can

be rewritten in the form:

(1 - D.H/D H )

max’ max
(274 + 3b,D - ub3D2)

DEST = G.D. [6]

where DEST is the annual dbh increment. The constant G in
this equation sets the initial growth rate of young pines, and is
chosen so that the ratio of D/DMAX = 2/3 for a tree of half the

maximum age {(Botkin, Janak and Wallis, op. <cit.). The m@maximum
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age of P, cagibaea is unknown, but is taken as 100 years, as the
oldest tree cored in Mountain Pine Ridge gave an estimated age of
85 years. Although site conditions are initially assumed to be
constant, variations in site quality camn be incorporated into

PINUS by altering the value of G, such that:

G = 13 (SI)

where the site index (SI)is the mean height of the dominants

at 25 years {in meters).

Equation [6] models the optimum growth rate for a tree
growing in the absence cf competition. In sub-optimal conditions
this growth-rate 1is derated by the function r(AL) which relates
growth rate to the effects of radiation competition in the

canopy.

No data are available in the research 1literature on the
photosynthetic rate of‘ P caribaea at various radiation
intensities, but it is unlikely to be significantly different
from that of other pines (see: Logan, 1966; and Fig. 6.16) .
Utilising these data the photosynthetic rate of B, garibaea can
be expressed as:

r(AL)= 2.24(1 - e—l.l36(AL - 0.08))

vhere AL is the available radiation calculated by qguatioh
[4]. The growth rate of each tree is therefore determined by the

radiation intensity at the top of the crown {(Fig.6.12). 1In
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reality hovever, genotypic and phenotypic factors also play a
role in determining tree growth rate. These can range froa
variables such as the location of the tree relasive to 1its

neighbours, which affects radial growth of the crown and moisture

and nutrient competiticn, to relatively minor variables such as

the susceptibility of the tree to folivore attack. These other
factors are lumped together hj PINUS in an algorisha which
calculates the diameter grcwth cf the tree, in a stochastic

fashion.

Analysis of the annual grovth data froam a single increment
plot (A21) in the study area over a seven-year period demonstrate
that there is considerable variation in annual growth by
individual trees, possibly as a response to variable moisture
levels. These annual growth values can be approximated by a
log-normal distribution, in which the standard deviation of the
data values can be estimated by the relation S.D = 0.2 (Dlsr)
vhere DEST is the mean annual increment in diameter calculated by
equation [6 ). The GBOW subroutine models annual growth
variations by generating a normally-distributed pseudo~random
number vith mean DEST and standard deviation DSTD by a call fo.
subroutine GAUSS. Annual height increments are calculated froas

the regression:

HEST = 0.60.DINCC* 69

where DINC is the stochastic dbh increment returned by

GAUSS. This regression is based on an analysis of the diameter -
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height increment relaticns of,a random sample of 100 trees froa

the increment plots in Mountain Pine Ridge.
6.52 MORTALITY

Although data on seedling mortality rates are available for
a few species, (Hett and Loucks 1968; Campbell and Mann, 1373)
there is very little information on the mortality rates of mature
trees. Most information of this sort is contained in reports on
the yield and survival of a few commercial species in plantations
{eg. Bennett, 1956, 1963; Ware and Stahelin, 1948; Enghardt and
Mann, 1972). Because cf ccnstraints such as the rTegularity of
spacing and freguent cleaning and thinning of these stands their

application to natural stands may be questionable.

Survivorship data for P, caribaea in Mountain Pine Ridge
are equally sparse. Ncne of the trees included in the increment
plots laid out in 1967 have as yet died, and these data serve
only to indicate the 1low degree of competitior ‘and high
survivorship rates of trees between 15-30 years old in this
environment. The 1959 planting of P. caribaea was divided into
tvo plots, and each was planted with 3 month old seedlings with a
8 x 8 ft (2.4 x 2.4 m) spacing. Over the first four years
seedling wmortality averaged 6.5% p.a. {Fig. 6.17), but in the

ensuing decade this was sharply reduced to 0.4 % mortality per

year.
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209

It is necessary in an individual tree model to éinulate
mortality not only in teras of annual rates in the stand, but
also in terms of assigning individual trees to be killed. Prees
can die from processes that wmay be entirely random such as
lightning, fire, windthrow; semi-randoama, such as infection by
pathogens, or from non-randoam frocesses such as suppression. The
first group of processes can be easily simulated if the prob-
abilities of occurrence of these events are knowne. Mortality
from competitive stress presents a more difficult problem

however.

The progressive decrease in crown size in relation to the
stem volume of an aging or suppressed tree results in a decrease
in the ratio of photosynthetic output to respiratory consumption
{Kozlowski, 1971). Translocation of sater and essential
compounds becomes increasingly difficult and enzymatic and

hormonal activity decline.

The probability c¢f mortality can thus be assessed on the
basis of the competitive status of the individwal tree.. Most
authors have adopted fairly arbitrary decisicn rules at this
point. For instance, Newnham (1964) assumed that a tree died
vhen its growvth rate over a five-year period fell below a
threshold value. Lin (1969), ¥orking with a stand simulator for
Tsuga heterophylla im Oregcn, used certain competition criteria
to define suppression, and any tree remaining suppressed over a

six year period wvwas considered dead.
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Keister (1972) employed tvo 'variables as predictors of
mortality; his competiticn index (I) {Keister, 1971) and the
average competition (R) cf neighbouring trees (n) such that R=I/n
Field tests of the method indicated that trees with R values > .5
had a high risk cf mortality {(p= 0.61 over 5 years) compared with

trees with lower R values {p = .08 over the same period).

The assumption made in PINUS 1is that the annual velume
increment of a tree relative tc the maximum volume-increment of
trees in its age—-class is a direct measure of the degree of
competition the tree is suffering. Dr. Keister kindly made his
field data on the causes and amount of mortality in B. elliottii
and P, taeda plantaticns in Louisiana available to me in order
to test this assumption. This somewhat desperate expedient was
necessitated by the complete absence of such data for P,

caribaea in Belize.

The similarity of ecolcgical response to competition and
canopy closure of the three species is evidenced by Fig. 6.15,
and it is presumed that this similarity extends to mortality
induced by competitive stress. The available evidence indicates
that mortality rates inm plantations of the three species are

siamilar over common stocking levels (Fig. 6.18).

The Louisiana data are based on eight pime plantations
(mainly of P, elligttii), ranging in age at initial measuresment

from 9 - 16 yeats. In the first four years of data collection

ﬂ::uiw
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201 of the ipnitial population of 2485 trees died, of which 13 ( =
0.1 % p.a. mortality) died from windthrow, fire and lightning.
The other 188 apparently died frca suppression; most of these
vere small, averaging 2.4 " (6 cms.) less than the plot mean in
dbh, indicating a suppressicn-mortality rate of 1.9 % p.a.
overall. Lee (1970), reported similar results for young stands
of P, contorta. His data show that trees dying froa competition

were on average 2" (5 cas.) smaller in dbh than the stand smean.

When the mortality rates of trees 1in successive volume-
increment classes are computed (Table VI.4), it can be seen that
mean annual volume-increment does correlate closely with
declining mortality rates {(Fig. 6.19; r= -.954). Assuming this
relationship holds +true for P. caribaca, we can therefore

establish the probability cf mortality of an individual tree as:

_ -0.004 (vine/veoef)
Propt = 0-04467(e c/veoedy

where VINC is the calculated overbark increment in volume {
in c¢cm.) and VCOEF 1is a proportionality coefficient; the ratio
between mean volume increments in successive age-classes relative
to the mean age-class (10-15 years) in Keister's data. The ratio
indicates that mortality is not dependent ugon absolute
incremsent, but is proportional to the potential increment in each
age—-class. The values of the VCOBF index are computed by
comparing the volume-increment /stem—-volume ratio for fully-

- stocked stands of various ages with this same ratio for stands
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- Data: Keister (unpub
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TABLE VI.4: COMPETITICN-RELATED MORTALITY AS A FUNCTION
OF CURRENT VCLUME-INCREMENT IN PLARTATIONS OF
PINUS TAELA AND P. ELLIOTTII FROM LOUISIANA,

Mean Volunme # $ Probability
Increment Alive Dying of Mortality
{cu. cm.) ( %)

- - —— —— — — o ) P D e D G D G ——— . ) S D S T - - - - - - -

0 2639 91 3,45
622 119 4 3.36
1300 110 4 3.64

2180 145 3 2.07
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in the 10-15 year age—class {Table VI.5). The data are taken

from yield tables for Py taeda prepared by Wahlenberg (1960) .

The MORT subroutine calculates PMORT for each tree in the
stand and then summons the subroutine RANDU to generate a unifora
random number between 0 and 1. If the calculated value of PMORT
is greater than the randcm number then the tree is killed. For
example, a 10-15% year-old tree making no grosth in any ome year
has a probability of mortality of 0.0446 in that year. If a
randon nuaber smaller than this value is generated, the

individual would be recorded as having died.

Juvenile mortality cannot be estimated by this technique as
volume increment is not calculated. Therefore mortality at this
stage is programmed as a fanction of the height of the seedling
and the amount of radiation it receives at the tcp of the crown
(Fig. 6.20). This apgrcach is consistent with that adopted for
mature individuals, as the annual volume increment is directly
dependent on the available radiation received by the tree. It
can also be justified on theoretical grounds. Pine seedlings
with primary needles, alone or mixed with secondary needles,
attain maximum photosynthesis at -2500 ft-c (Kozlowski, 1972).
This is because the photosynthetic apparatus of individual
needles saturates oﬁt at this radiation intensity, and the 1lack
of mutual shading of needles in very ycung seedlings, {( < 1 year)
means that the whole seedling saturates at -~ 2500 ft-c. As the

seedling ages secondary needles grow and clusters of needles
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develop. In this situation self-shading of qeedles occurs, and
the apparent photosynthesis of young seedlings over 1 year-old
declines with 1lower radiation intensities, and photosynthesis
becomes almost a linear function of radiation intensity over the

1,000 - 10,000 ft-c. range as the seedling ages (Bormann, 1956).

PINUS assumes that survivorship alsoc declines linearly with
ambient radiation intensity (Pig. 6.20) . Mortality of

seedlings can therefore he modelled as:

P-mort = Bi'AL

vhere the Bi are constants for various seedling height
classes estimated from the available plantation data. The
procedure used to kill seedlings is the same fros this paint on

as that for killing mature trees.

Finally MORBRT summons an accounting subroutine LIST which
keeps track of the number of trees dying, their individual
characteristics, then condenses the live-tree array by reamoving
all dead trees, On return, MORT calculates summary statistics

for the mortality im each year, and accumulates these values.

Qutput from the mcdel consists of a list of the values of
environmental variables (litter and gqrass weight); birth data
(seed production, gernination rate) ; and the characteristics of

each tree in the stand (height, dbh, basal area, voluae

over-bark, current volume increment, <crown length, leaf area,
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TABLE VI.S5: VALUES OF THE VCOEF COEFFICIENT FOR TREES
OF VARIOLUS 'AGES. '

VCOEF is calculated as the ratio of annual volume growth
to current tree volume. The data are derived from a yield
table for fully-stocked stands of Pipys _taeda_in the
U.S.A.

VCOEF Index = (Growthsvglume jin 15-yr. agde-cglass) __
(Growth/volume in other age-classes)

Data Source: Wahlenberg (1960)

cu.ft. cu.ft.

‘—-———————————-———-_——--——------- - - —— - - - e - -

}] Tree Mean Tree Ann. Vol. Growth/ VCOEF l
i Age Volume Increment Volume Index i
R i ittt g |
| |
} 15 4.u8 0.725 0.1618 1.0 i
) |
I 20 9.77 0.688 0.0704 2.3 1
i {
I 25 15.40 0.645 0.0419 3.9 l
| l
| 30 22.63 0.601 0.0266 6.1 |
) i
]} 35 28.83 0.543 0.0188 8.6 i
i ]
j 40 34,24 0.484 0.0141 11.4 |
| |
| 45 38.52 0.423 0.0110 4.7 {
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| 50 43.61 0.342 0.0078 20.6 i
I t
[ |
H {

|




219

radiation 1level at top of the tree, and ster age). In addition,
summary statistics én mortality rates, mean tree height and dbh,
total leaf area, stand basal area, and total underbark volume are
also printed. The program has am optional plotting routine (call
to MPLOTS) wvhich prcduces graphs on a Calcemp plotter. The
graphs consist of the values of most of the ' variables listed

above, plotted as a fumncticn of stand age.
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CHAPTER SEVEN: YERIEICATION OF THE SIBULATION MODEL
7.,1: THEORY OF MODEL VERIFICATION

Naylor et alia (1966), in am article on the theoretical
aspects of simulation in business management, oatline a
nine-stage procedure fcr the construction of a simulation model.
This procedure involves:

1. Problea Formulaticn
9. Analysis of Results
2. Collection and Processing
of Data
\ 8. Experimental Design
3. Mathematical Model Formulation
7. Validation
4., Estimating Parameters
6. Model Construction
5. Evaluation of Model 7

The sequential proccess above is similar to an earlier "model
of a model" produced by PForrester (1960). Both designs stress
the importance of the model verification and validation stage,
and the cyclical nature of the nmodelling process. Recycling
takes place at a preliminary stage (5), when lacunae in mcdel
linkages or inappropriate parameters are evident. Often
detection of mcdel failure at this stage is based solely on the
intuition of the no&eller. A further series of model-performance
tests should be made (stage 7) before extensive experimentation

begins.
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In many of the modelling efforts in the natural sciences,
including ecology, the frocess of construction of a simulation
model is often limited to a single pass through the nine stages,
with scant attention being paid to model validation. Kenneth
Wwatt, in a critique of the state-of-the-art in biome modelling,
notes:

®"The vast majority ocf the models put intc the
literature,cee either do not describe the
phenomena they purport to describe, or contain

internal mathematical difficulties..®

1975; p. 143.

Confidence in a model?'s output should therefore vary
directly with the amcunt of testing to which it has been
subjected. The type of tests vary between differemt classes of
models. Theoretical, o¢r strategic models, can be regarded as
extensions of scientific theories in general, and can be
corroborated by failure to disprove the hypotheses generated by
the model (Popper, 1959; Platt, 1964). A single instance of
disagreement between acdel predictions and reality therefore

refutes the model (Caswell, 1976).

Predictive models cannot be verified in the same manner.
The performance of the model (its predicted results), are judged
against empirical data, and the nmodel is either accepted or
rejected. The probability of rejection increases as the test
becomes more pouerfdl; failure becomes inevitable after a certain

point, as no simulation model is an exact replica of observed
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reality. Model rejection can be ascribed to several causes.
Sright lists the most cosmon as:
" (1) Incomplete scope: missing components.

(2) Incorrect cr cver-simplified functional
formSeeaaeee

(3) Misestimation of parameterSec..
{4) Uncertaimn initial conditions.
(5) Stochastic variation cf exogeneous inputs...

{6) d¥oise and misspecificaticn in the measurement
process."

1972; p. 1287.

71.2: TECHNIQUES CF MODBL VALIDATION

The stage of model validation in Naylor?!s (op. cit.) model
can be further subdivided. Naylor and Finger (1967) propose a
three-stage sequence for validation of components of the model:
1: Construct a set of hypotheses for the process
using all awvailable knowledge. Hence models
incorporating such kncwledge should exhibit a
priori confidence.
2: Verify assumptions by empirical testing.
3: Test model?s ability to predict behavicur of the
real systen.
Stages two and three comprise the initial evaluation
procedure and confira that the coefficients, functions or
sub-models produce acceptable results. Once these sub-models are

linked together however there 1is no guarantee that the

vhole-model dutput will emimic the dynamics of the real-worlad
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systen. The modeller must .test whether the observed and
predicted systems are samples from the same stochastic process.
Five techniques are coamamonly used to achieve this end: namely,
graphical methceds, sensitivity analyses, “Turing® tests,

goodness-of-fit tests, and field tests.

Most ecological mcdellers have restricted thesselves to the
first technique. The model 1is judged to be acceptable if the
time paths of the plotted variables of interest exhibit similar
oscillations or time-delay responses. Sensitivity analysis of
model behaviour is based on the assignation of modified values to
the model parameters, for exasmple, by changing the magnitude of a
parameter by & 10 %, This kind of analysis focusses attention on
system attributes which are highly sensitive to small changes 1in
magnitude, and which hence nmust be modelled with considerable
accuracy. A refinement of this technigque was proposed by Tomavic
{1963), and involves the calculation of ‘sensitivity
coefficients?', vwhich are solved simultaneously during model

execution.

Wright (op. cit.), notes that a real test of the
acceptability 6f a model is whether it gains the confidence of
the academic audience (or funding group) for shom it was
intended, and this can be regarded as a variant on Turing's
"mnodel output fools experts” test. Turing (1950), suggested that
‘a measure of the I.Q. of an artificial intelligence could be

obtained by testing whether experts could discriminate between it
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and a human intelligence. The .equivalent test im ecology would
be whether ecologists or foresters could differentiate between

model output and observed data.

Goodness-of-fit tests measure the statistical coincidence of
model predictions against empirical data. These usually consist
of tests of analysis of variance, chi-sguared tests, t-tests, and
correlation-regression analysis. Field tests usually invaolve the
manipulaticn of real world systems to attempt to verify the

predicticns of the model.
7.3: VERIFICATION OF PINUS

PINUS can be verified by goodness-of-fit tests of its
growth, yield and wmortality predictions against real stands in
Mountain Pipne Ridge. The only suigable empirical data source is
from the increment plots established in 1967. Each one of these
covers 0.1 acres (400 sgq. m.), the same size as the plots in the
sample stands. Increment plots located in the hilly areas to the
south and east of the Granite Basin were considered unsuitable
for verification purposes, and these were discarded. Eight plots
in the Granite Basin were finally utilised for the verification
procedure. As these plots represent only a very limited range
of forest conditions, they severely restrict the usefulness of
the model verification procedure. However, for the sake of
completeness, verification tests are Vundertaken. PINUS can be
tested by assessing whether:

a) the mean predicted stand growth rates are

significantly different from growth in the
increment plots.
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b) the mean predicted growth rates of individual
trees are significantly, different from growth of
trees in the increment plots.

c) the mortality in the simulated stands 1is anot
significantly different from that taking place in
the increment plots.

The input for each verification run consisted of the stand
data from the origipnal census in 1967. PINUS then updated the
growth of each tree in each of the eight sample stands on an
annual basis over a six-year period. This procedure was repeated
for a total of ten rums per increment plot, in order to obtain a
probability distribution for each variable of interest. The real

growth, yield and mortality values for 1973 were then compared

with the simulated values.

1.31; Growth predictjons

The mean simulated dkth increments for each tree in the
sample runs are given 1in Table VII.1l. These values were tested
against actual increments using a t-test (Table VII.2). In
only one case 1is there any difference between observed and
simulated dbh increment. The distribution of dbh increments in
the observed and simulated stands may be tested using a
Kolmogorov-Smirnov two-sample test. For the purgoses of this
test only the first simulation run in each series was compared to
the observed values. PINUS performed acceptably in all of the,
eight sampled stands (Fig. 7.1); ’in none of the cases was the

predicted distribution significantly different from the observed.
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WeM"~ TEST ON MEAN DBH GROWTH OF TREES IN

LHE INCREMENT PLOTS AND THE SIMULATED STANDS.

Ho: That there is no significant difference in dbh
increment between real stands and their simulated
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DBH INCREMENT (cMs.)
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16, 7.1: CUMULATIVE FREOUENCY-DISTRIBUTIONS:QF DBH = °
INCREMENTS IN THE REAL (=) AND SIMULATED (* 9 STANDS., THE
LEAST SIGNIFICANT DIFFEREHCE (LSD) BY THE KOLMOGOROV-SMIRNOV
TWO-SAMPLE TEST IS INCLUDED FOR COMPARISON ON EACH PLOT,

THE LSD 1S GRAPHED FOR A P=107 LEVEL.
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TABLE VII.3: NEAN DBH INCREMENTS IN REAL AND SIMULATED
STANDS.

Ho: That there is no significant differ=nce between
DEH increments in the real and simualated stands.

D D D Y L P TP En Y AP G SR W e R S e A D P D D ap D D D G D R G D D D R ER D D D D D e

|

. § Site & Site Index Initial Real Simulated Deviation
- (n., ® 25 yrs.) DBH (cms) Growvwth Growth (R - 5)

B e e b DDy
-
] A27 21 26.52 3.51 3.46 +0.04
)
N A29 13 17.40 2.84 3.27 -0.43
o
1 A34 15 13.40 2.50 2.94 -0.44
1
| A35 12 18.40 2. 34 2.47 -0.13
o
S A25 24 27.25 3.61 3.73 -0.12
-

] A24 23 26,717 3.60 3.56 +0.04
-

| A20 20 14.79 4.09 3.69 +0.40

-

i A22 18 13.90 3.19 3.39 -0.20

|

i

= 3.21 y= 3.31
Sx= 0.787 Sy= 0.182
(x - %) = 0.10
“g = 0.1 (Ne5S.)

— -
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TABLE VII.4: MEAN HEIGHT INCREMENTS IN REAL AND SIMULATED
STANDS.

Ho: That thesre is no significant ditferencz between
height increments in the real and simulated stands.

Sita & Site Index Initial R=2al Simulated Deviaiion

{m, @& 25 yrs,) Ht. [(m) Growth Growth {R - S)
A27 21 17.93 3.46 3.38 +0.08
A29 18 12.20 2. 64 3. 21 -0.57
A34 15 10.67 3.04 3.29 ~0.25
A35 12 11.83 2. 34 3.06 -0.72
A25 24 21.77 3.55 3.73 -0.18
A24 23 20.17 2.54 . 3.37 -0.83
A20 20 10.86 5.00 3.44 +1.56
A22 18 11.95 3.138 3.27 +0.11

¥= 3.26 F= 3.34
Sx= 0.787 Sy= 0.182

X-7 0.10

"t"

0.327¢ {N.S.)

e GEE e Y G Sr die MR e I g MR Mg I e S e ST e G =D amm
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TABLE VII.5: WuwiINOWIAL TEST CN THE DIFFERENCE BETWEEN MORTALITY
IN ThE INCREMENT PLOTS AND THAT IN THE SIMULATED
STANDS.

d0: That the mortality rates predicted by PINUS are not
significantly greater than the mortality rates in
real stands (1-tailed test).

| === s e s s e e —eee—- |
| Sample # Dead % Mortality)
| Size (N) (A) {p) i
e e et g {
| |
Real | 197 0 0.0 )
i |
Simulated! 1 1970 22 1.117 |
{ {
Rt kbbbt e o———- Binduitatinddabell |
Pooled p = (A+A')/(N+N') = 2./2167 = 1.015
Pooled s*= 1.015(98.985) = 100.492
sp® = 100.492/197 = 0.510
sp' = 100.492/1970 = 0.051
sd® = 0.510 ¢ 0.051 = 0.561
sd = 0.74Y
X" = (p-p')ssd = =1.117/0.749 = -1.49
Since x" = - 1.64 in a one-tailed test, the differences

o.08

are not significant and the null hypothesis (HO)

is accepted.
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The results of these tests confira that PINUS nmodels stand
growth reasonably well, but there are comsiderable deviations
from observed dbh increments on an individual tree basis. PINUS
computes dbh increments for each tree based on the available
light at the top of the crown of that tree, and assumes a unifora
distribution of foliage in the <crowns of individuals, and a
uniform spacing of trees in the stand. Discrepancies between
predicted and observed values are undoubtedly due to these two

assumptions being violated in the increment plots.

On an overall basis PINUS calculates growth rates to within
10 % of their real values in the plots sampled (Tables VII.3 and
VIi.4), and is therefcre judged an acceptable nmodel of stand

growvwth.

1.32; Mortality Predijctions

None of the 197 trees in the increment plots died over the
six-year census pericd for which the simulation was performed.

In the simulation runs the following results were cbtained:

REAL : SINULATION BUNS

s 1 2 3 4 5 6 7 8 9 10
I 197 =197 197 197 197 197 197 197 197 197 197
F 197 :

195 195 196 195 195 193 195 197 195 192

where I is the initial number of stems, and F is the final
guantity. The simulation runs indicate that the death of 2.2

"stems can be éxpected:on average, ¥ith zerc amortality occurring
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sore 10 % of the time. Using a Poisson distribution to calculate
the 95 % confidence interval about a count of O (the observed
mortality), we obtain values of 0.0 - 3.6. In other words a
predicted mortality of < 3.6 stems is not significantly different
from zero (Fisher and Yates, 19633 Biometric tables, p.65). The
simulation runs produce results within the appropriate confidence

interval 80 %X of the tinme.

The difference between observed and simulated mortality canm
be also tested using the binomial distribution (Table VII.5).
Since the calculated value of x¥* falls short of the tabulated
1.64 at P=0.05 in a ome~-tail test, we can conclude that the model

mimics the mortality in real world situations reasonably well.

Although the verification tests are not very rigorous, and

~the model bas only been tested over the short term, it can be

concluded that PINUS is a reasonable analogue of the stand
behaviour of P, caribaea. It will therefore be employed to test
the effects of various forest management strategies on stand

structure and timber yields.
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CHAPTER EIGHT: _RESULTS OF THE SIMULATION RUNS

8.1; APPLICATION OF PINUS TO FOREST MANAGEMENT PROBLEMS

The primary goals of forest management in Mountain Pine
Ridge, as in the other Central American pinelands, have been the
conservation of the pine resource and the stinulation of pine
regeneration through fire control and protection of stands froa
over-cutting. Most forest management to date has concentrated
on fire-suppression. In order to implement the seccnd objective
data are expressly required on the cutting/regeneration systea to
be employed in P, caripaea stands, the length of the rotation,
and the response of stands to various 1levels of thinning

intensity and frequency.

Caribbean pine can be managed in either all-aged or
even-aged stands. Under the former, the intermediate
shade—-tolerance of the species allows a group-selection systea to
be applied, with regenerating pine restricted to small gaps in
the canopy. This method has two drawbacks. Competition of
regeneration vith the wunharvested mature pine may induce
suppression, and the system is not feasible in areas where
lov-cost management should be practiced. Even-aged management is
preferable as the trees can be harvested in one operation,

prescribed burning of even-aged stands for fire-hazard reduction

and range management results in less damage to young pine, and

competition between mature trees and regeneration is reduced.
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Several alternative silvicultural systems may be employed to
obtain regeneration under even—aged manageament. Clearcuktting the
entire stand and then planting seedlings or seeding onto prepared
{burned, disked, etc.) seedbeds is widespread in areas of
intensive tree cultivation where heavy equipment is used in the
logging operation. In areas of extensive low-cost manageaent
such as Moumtain Pine Ridge vigorous and expensive site
preparations are not feasible and nataral regeneration of stands
is mandatory. The reccmsended methods for supplying a seed
source under 1low-cost management have been: to either leave
scattered or clusped trees to act as seed-bearers (35 trees/ha.
{ 14/ac.] generally being considered the economic limit); or to
apply the shelterwood system, where 60-100 trees/ha. (25-40/ac.)
may be retained im strips at right angles to the principal
wind-direction. In Mountain Pine Ridge, Wolffsohn {19586),
envisaged that the pine stands would be managed according to the
seed—-tree system, and PINUS was therefore employed to predict the

response of stands of P, caribgea to this form of managemant.
8+.2: MANAGEMENT BY THE SEED-TREER SYSTEM.

Several logical problems are encountered in =kadapting PINUS
to model a seed-tree regeneraticn system. The first of these is
that seed—dispersal.fren the remnant seed-bearers is presumably
patchy in nature, dependent upon interactions between vwind-speed,
»direction, and local topggraphy. No data are available on seed

dissemination distances for P, caribaea, but most pine species
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attain mean dispersal distances of 100 aetres (Baker,‘1934),
apparently due to the similarity of seed-weiqght/surface-area
ratios between species (Gemmer, 1940; quoted in Wahlenberg,
1960) . This complex of factors will in most cases give rise to a
seed~-shadov which covers a fairly narrov angle downwind of each
seed-tree, with the density of seeds a function of distance froa
the parent tree. The inherent difficulty of producing a
realistic model of this highly variable phenomenon led to the
simplifying assumption that seed distribution in a stand should

be treated as uniform.

Regeneration of a stand from seed-bearers depends not only
upon their spacing, but also cn the amount of seed produced by
the remnant trees. The post-harvest release of seed-bearing
trees from competition results in increased seced-yields, in some
cases by as much as 500 X (Fowells, 1965). Although no data are
available on the extent of this release in P, <caribaga, it is
clear that reduced competition induces an increase in the cone
yield of dominant and co-domipant trees (Fig. 8.1) in sampled
stands. PINUS however assumes that the seed production of trees
of a particular basal area remains constant after harvesting.
Thus it is more realistic to analyze the dynamics of the stand as
a response to a specific seed-input to the system, rather than a
response to a number of seed-trees per unit area. Thus, to
simulate the regenerative response of a stand to a seed-rain

"produced by n'trees/ha., it is assumed that a single seed-tree is
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SEED VIELD/TREE (x102)
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located in the simulated 0,04 ha. (0.1 acre) plot, but that
m
seedfall on this plot is equal to 0.04 .EiSpé, where Sp; is the

total seed-production cf the ith tree.

A further problem ccncerns the annual variability of
seed-crops. Anecdotal information on cone-yields, based on the
amount of seed ccllected ccammercially, indicates that Ps
caribaea 1is a more constant seed-bearer than most of its
temperate congeners, and PINUS therefore assumes constant rates
of seed-production by the unharvested trees. Within these
constraints we can exasine the response of stands to variable

seed input.

The initial stand in each simulation run was coaprised of
trees bearing 1000 seeds each (> 800 cms. BA or 25 cms. {10%}
DBH) , equivalent to a mean annual-crop of 25 cones/tree. The
experimental design consisted of testing five levels of initial
seed-input. The seed inputs and their corresponding seed-tree

requirements are listed in Table VIII. 1.

The model was run for a simulated time-period of 50 years at
least ten times for each experimental treatment. At some point
in the 50-year pericd environmental conditions would preclude
further pine seedling establishment. Runs in which seedtrees
died before this regeneration phase was completed were discarded.
These latter runs woculd bave introduced a great deal of

‘heterogeneity into the system, and their inclusion would have
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TABLE VIIL.1: IMITIAL SEBL-INPUTS 1IX PINUS SEED-TREE RUNS,

| Seed Input | Fstimate€a Nuamber of Seed-Tr-2es {

| x 1000 | /ha. (/ac.) |
| /ha. {ac.) | #“1iainmum Naximum |
T S T
'| 20 (8) : 10 ()  —-=---- > 20 (8) l‘
1 30 (12) i 15 (o) cm—————> 30 (12):
1 Lo {10) : 20 (B) W ese==emm—- > 40 (16):
I: 50 (20) ': 25 (10) === > 50 (20)’|

The estimatad density of seed-trees corresponding to each
lavel of se=d-input is based upon an assumed seed-production
of 1000 seceds/tree/annun.,
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necessitated a considerable increase in sample size (and computer
execution time), and as they formed < 20 % of the run population
they represent a fairly ainor element in the behaviour of the
system as ‘a whole. The values reported below are therefore the
means of the ten runs that wvwere retained for each initial
seed-input, and consequently represent the behaviour of

fully-stocked stands derived from a giwven seedfall.

The simulation was performed fcr only a single site index.
Site indices are calculated by measuring the height of stand
dominants at either 25 or 50 years of age. No reliable data are
available from the study area on the mean height of dominants or
the range of expected values at either of these times, but it is
unlikely that many stands have site indices much less than 15 m.
(=50 ft.) at 25 years, and most stands probably fall in the 15 n.
- 21 m. (-~ 50 - 70 ft.) range. It was therefore decided to
perform all simulations at a site index of 15 m., and so the
yield data presented below probably represent a 1lcwer threshold

for fully-stocked stands.

«21: Results of the Seed-tree Runs

The use of the seed-tree system demands that the forester
ensure adequate stocking and yields from the remmant trees,
whilst maximising the wood production in the previous harvest.

Analysis of the results of the seed-tree runs focusses on three

‘variables: the stocking 1levels of natural regeneration; the
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survivorship of recruited stems; and the yield of stamds as a

function of stand age and density.

8.211: Stand Dynamics: Regeneration

The graphs im FPigs. 8.2 - 8.5 summarise the results of the
simulation runs for the principal demographic variables in the
stand., Figure 8.2 records the increases over time in annual seed
production in the simulated plot for each of the initial
seed-production levels. VWwith an initial seed-input of 10,000
seeds/ha./yr., seed production by the regenerating stand attains
some 29,000 seeds/ha./yr. at 50 years. At each of the higher
seed-production levels a more rapid and earlier rise in
seed-production occurs, so that an dinitial input of 50,000
seeds/ha./yr. gives rise to a stand capable of producing 168,000
seeds/ha./yr. at the end of the simulation. Most of this
increase in seed-production takes place in the 30-50 year period,

as the growing stand matures.

The numkber of seedlings produced per year from this seed
population is plotted in Fig. 8.3. Annual seedling
establishment can be characterised in all treatments as low
during the first five-year period, attaining maximum levels
during the next decade, and then falling off more cr less rapidly
in the period between 15 and 25 years. No seedlings become
established in any treatments after the stand reaches 30 years of

age. Despite these similarities, there are obvious differences
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between treatments in terms of,the number of recruits that enter
the seedling population during this favourable time-span. The
higher the initial seed-input, the greater the total recruitaent,
the earlier high recruitment rate are attained and the more rapid
the subsequent decline. Thus, with an initial seed input of
50,900 seeds/ha./yr. PINUS predicts that maximum seedling
establishment takes place in year 12 (-~ 1250 seedling/ha.yr.),

and recruitment has duwindled tc zerc by year 20.

These data on seedling establishment are summarized in Fig.
8. 4. The cumulative recruitment curves illustrate the rapid
increase in seedling establishment and shortening span of the
regeneration phase as the initial density of seed increases. The
rate of seed input, rate of seedling establishment and growth of
young pine all control the germinative success of seed in later
years. There is little difference in the percentage germination
rates between treatments (Fig. 8.5). Maximusm gersipnation rates
vary between 1.00 - 1.25 % and are achieved in the 10-15 year
period of stand development in all treatments. The total number
of seedlings established is a linear function cf initial seed
input (Fig. 8.6a) over the domain of values tested. ¥hen the
total number of recruits is graphed as a percentage of total seed
input during the phase of seedling establishment, it is apparent
that the efficiency of the system is constant at 0.5 - 0.6%
germipnation over a wide range of values (750,000 - 1,600,000

seeds). Only at lower seed inputs (700,000 seeds), does the
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efficiency of the system decrease, falling tc 0.36% germination
at 400,000 seeds/ha. The demographic factors‘ of primary
importance to the forest manager are {a) the levels of stocking,
expressed either as a fprecentage of plots containing seedlings,
or as nusber of seedlings per unit area; and {(b) the time delay

between harvesting and attainment of adequate re-stocking.

Henry (1974), recognised five stocking levels as indicators
of the relative success of Caribbean pine regemeration in the
Bahamas {(Table VIII.2). These levels %ere based cmn a survey of
the %X frequency of pine stems per unit area in saepled stands.
The standard area adopted by Henry for this survey was 3m. Xx 3m.
(9.8 x 9.8 ft.), which was considered by Luckhoff (1964), to
produce optimal yields in South African ©plantations of P,
caribaea. Thus, a "full® stocking would be one in which every 3
m. x 3 m. gquadrat was cccupied by one or more pine seedlings,
equivalent to a stand density of at least 1100 seedlings/ha.
(450/ac.) + The first criterion of success for a seed-tree system
must therfore be the attainment ¢of Grade 1 or 2 stocking (>888
stems/ha) within a certain number of years after clear-cutting of

the remainder of the stand.

The performance of each of the regeneration strategies 1is
graphed in Figs. 8.7 and 8.8. An arbitrary (and lenient)
criterion of regeneration success can be taken as the attainment
of "adequate® stccking within 10 years. The lowest initial seed

densities (<10,000 seeds/ha) can therefore be dismissed as a
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TASLL VIIiI.2: STOCKING LEVELS FOX A 3 M. X 3 M. PLOT SIZE.
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regeneration strategy as "moderate®™ stocking is only achieved
after an interval of 15 - 25 years. Only strategies supplying
>20,000 seeds per ha. are acceptable, and this value must be
regarded as a bare minimum. Refering back to Table VIII.1, it
can be concluded that this minimum seed-input can be supplied by

retaining 10 - 20 seed-trees/ha. (4 - 8/acre).

These data may Lke compared with the pine regeneration
figures of Johnson and Chaffey (op. cit., Table %, p.3) from
Mountain Pine Ridge. Their inventory indicates that only 30% of
the Granite Basin area can be considered to have attained Grade 3
(Moderate) status, the remainder of the project area being
severely understocked as a result of past fires, over-cutting,

and damage sustained as a result of Hurricane Hattie in 1961.
8.213: Stand Dynamics: Survivorship

The dynamics of pine populations can be studied most readily
through an analysis of cohort survivorship. As an example, the
survivorship of the seedlings establishing in the tenth year of
stand development is graphed as a function of stand age in Pig.
8.9. The population is standardised to a <cohort of 1000
individuals in each <case. For each of the initial seed inputs
the greatest seedling mortality occurs in the first decade of
existence when some 40 - 60 % of the pine seedlings die. 1In the
second decade death rates decline to 0 - 20 %, and then rise

again to reach 5 - 30 % in the final ten years of the study. At
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every stage of development mortality is density-dependent. In
the stands wvith the smallest seed inputs PINUS predicts a
survivorship of 43 X of all seedlings born in year 10 at the end
of the simulation. In stands with an initial input of 20,000
seeds survorship at the end of the run drops to 37 %, and then
down to 30 X, 25 % and 20 % for inputs of 30,000, 40,000 and

50,000 seeds/ha. respectively.

8.214; Stand Dynamics: Yields

The pinelands of Mountain Pine Ridge are suitable only for
the growing of saw-timber and for turpentine extraction. The
domestic market is too small to support a lbcal pulpwood
industry, and the pinelands probably too restricted in size, and
the pines too slow growing, to be expioited for export to the
pulp mills of the U.S.A. <Consequently, deciding ugpon the optimal
rotation for saw-tisber is of prime importance in Mountain Pine
Ridge. Solving this problem depends on the acquisition of two
itemas of information. Firstly, the relationship betuween wood
production in the stand as a function of stand age must be known,
and secondly, the <cc¢sts and revenues associated with various
rotation ages and harvesting methods must be taken into account.
The second element is outside the domain of this thesis, but the

first can Le treated.

The age-dependent changes in the prinicipal sten

norphological'vatiables predicted by PINUS are presented in Figs.
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8.10 — 8.12. Although the stand dominants have coaspleted 2/3 of
their growth by the age of thirty years, mean height and D.B.H.
characteristics for the stand have attained only 50% of their
final (50 year) values at this tinme. At the end of the
simulation run stand dominants have reached heights of 23 - 24 m.

and basal area disensicns of 1000 - 1300 sq. cms.

The mean net volume yields of stands are graphed in Pigs.
8.13 - 8.15 and summarized in Table VIII.3 and in Appendix G.
In all these cases the stands are assumed to be unthinned. Net
yields vary directly with the amount and rate of initial
establishment of pine seedlings. In terms of volumetric yields,
there is a rapid increase in all simulated treatments in the
period froama 20 - 50 years. PINUS predicts fipnal yields of 300 -
800 cu. Rm./ha. overbark (4,310 - 11,436 cu. ft./ac) for the
various simulated treatments. For the minimumr acceptable initial
seed input of 20,000 seeds/ha.an overbark yield of 520 + 21 cu.
BR./ha. (7520 *# 370 cu. ft.srac) can be expected at 50 years.
Underbark volumetric yields are some 37% below these overbark
values (FPig. 8.14). Thus, for the 20,000 seeds/ha. initial
input, a final (50 yr. old stand) yield of 330 * 12 cu. m./ha.
(4717 £170 cu. ft./ac)- can be expected. The predicted board-foot
yields are plotted in Pig. 8.15. Yields are coamputed only for
trees attaining the minimal exploitable saw-timber diameter of 25
Ccms. (10 in.) at ©breast height. Trees of this size increase

"rapidly in nﬁnber as stands attain 25 -30 years of age, which
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TASLE VIII.3:

| | | |

|Seed | ¥Yre | Yiold V.CG3e. | Yield V.UB. |  VYield Bdft. |
|Iaput| | X Se2as | X Se2s | X SeCa

| ===== |====- === | === —————— e it |
| | 20 | 64.5 1.3 | 34.8 0.8 | 7740 100
| 10. | 30 | 138.6 3.0 | 83.5 2.1 | 12140 200
| 1 40 | 219.4 10.2 | 137.6 5.7 | 232200 1520 |}
| ] 50 | 329.5 11.6 | 206.9 6.9 | 43640 1830 |
|===== |===== | === === | == —————e—- |
| I 20 | 9Z.4 22 ) bH2.2 1.6 | 8030 100 |}
| 200 | 30 § 217.9 4.7 | 135.8 3.2 } 15530 430 |
| | 40 | 359.3 14.9 | 229.8 8.3 | 37680 2050 |
| | 50 | 520.4 20.7 | 329.6 12.0 | 70960 3030
| ====-= | ====—= | === -mmmmm——- | === | R ittty ]
| | 20 | 112,/ 2.7 | b6u4.5 1.8 | 7830 160 |
| 30. | 30 } 267.1 3.5 | 168.2 4.9 § 17340 1280 |
| | 40 | 455.8 15.5 | 290.3 9.2 )] 47860 2430 |
| | 50 | 63:.8 10.4 | 395.3 6.2 | 85890 1550 ¢
| ==== | === | ===~ | ======—=—- == ———————- |
| ] 20 | 132.2 2.6 | 77.3 1.5 | 8080 S0 |
| 40. | 30 | 317.3 9.2 | 202.3 5.4 ) 18750 1280 |
| | 40 | 521.9 14,5 | 330.3 9.3 ] 52750 1720 |
| I S0 | 7502 20.6 | 466.2 13.9 | 101920 2750 |
| ~==== |===== = | === R e bttt |
| | 20 | 151.5 3.2 | 90.9 2.2 ) 8040 130 |
b 50. | 30 } 341.9 10.5 | <22.4 5.6 | 19920 1590
| | 40 | 585.9 16.8 | 372.9 10.9 |} 63180 2000
| {50 | 779.4 38.0 | 487.%1v 23.1 ] 106250 5400 |}
|====- |===== |-~ | ======-=—o——- j==—=-- mmm—s——e- l
|x103 ] | Cu.n./ha. }] cu.m./ha. | /hae ]
Rkl el bbbt Rt il Eetedetedttedt bt |

PREDICYTED YIELDS OF SINULATED STANDS UNDEK THE
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accounts for the concomitant increase in saw-tiaber volume after
this point in time. 1In the oldest stands the predicted yields
are from 40,000 - 106,000 bd. ft./ha. (16,000 - 43,000 bd.
ft.sac). A management strategy aimed at establishing full
stocking by 1leaving a sminimur of 20 seed-bearing trees/ha.
(20,000 seedssha. input), can therefore expect yields of 71,000

3000 bdft./ha. at 50 years.
8.215: Stand Dynamics: Volume Increment and Botation Age

The mean annual increment (M.A.I.) in volume for each of
these three stand variables is graphed as a functicon of stand age
in Figs. 8. 16 - 8.18 and Table VIII.4. Maximum wood
productivity in terms of volume overbark is attained im all
stands during the final 5 year period of the simulation, when the
curves of volume increment approach their asymptotes. The
absolute values of M.A.I. volume are again density-dependent,
with some tendency for stands with the demnsest initial conditionms
(>40,000 seeds/ha) to ccnverge. In managing stands for pulpwood
products the <culainaticn of the nm.a.i. volume (ob) curve
indicates the fpericd of paximum wood productivity in the stand,
and hence the optimal length of the rotation. According to Davis
(1954) , the culmination of board-foot growth occurs soae 10 - 15
years after maximum voclume increment in southern pine stands.

Assuming the same relaticnship holds true for P. caribaea, and

"Fig. 8.18 indicates that it well may, the gptimal rotation

length for saw-timber products in Mountain Pine Ridge should be
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TABLE VIil.ad: GAKINUM AEAN ANNUAL VOLUXE INCREMENTS (“YIELD
CLASSESY™) FOK THE SIMULATED STANDS

| sesa 1 vield ciass | Anmual Thinning fate |
{ Inpuz | ===m=g= o= T TS jo====< P 3 TTTTT }
| | M. | hoppus ] h ft. hoppus |
119,000 1 6.7 90.5 5.8\ 4.73 e7.6  53.1 |
:20,000 : 10.50 150.1 117.9 : 735 105.1 82.5 :
:30,000 : 12.75 182.3 143.2 : 892 127.6 100.2 :
:Q0,000 : 15.25 218.1 171.3 : 10.68 152.7 120.0 :
:50,000 : 15.75 22561 176.8 : 11.03 157.6 123.8 :
| Jhae 0 ba. jae. jace i""}ZI""}ZZ"'}QZI'x'

1 hoppus toot = 11,2732 cu. ft.. This measure is the one commonly
employed in British forest managewent, and is used to define
Yield Classes by Bradley, Christie and Johnston (0pe Cita)e
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at least 55 - 60 years. On:the basis of his experieance in the
study area, Lamb (1973, p. 126) , concluded that a 60-year
rotation would be necessary for saw—-timber production.
Extrapolating the data in Fig. 8.18 into this time period
indicates yields of between 60,000 - 135,000 bdftsha. (25,000 -

55,000 bdft/ac) for the range of seed inputs tested.

Because of the constraints on the model imposed by the
absence of such old stands in the study area, these results must
be treated cautiously. However, it should be noted that a yield
table for fully-stocked stands of 1loblolly pine in the
southeastern U.S.A. (WHahlemberg, 1960, p. 502) lists a similar
range of values at this age. Stands of P, taeda with sinmilar
site indices to those tested in the simulation (24 m. (80 ft.)
at 50 years), are capable of producing 65,000 bdft/ha. at age
60. Board-foot yields in this yield table for loblolly pine are
calculated for trees with a minimua D.B.H. of 32 cms. and not
25 cms., as in this study, and so the values are roughly

comparable.

Thus, if a management plan to supply a seed input of 20,000
seeds/ha. is achieved, the forest manager can expect to harvest
100,000 bdft/ha. (40,000 bdftsac) after 60 years in HMNountain
Pine Ridge, assuming that wildfires and/or hurricanes do not

damage the growing crop.
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The results of the sisulation runs cam also be placed in
perspective by comparing their predictions with the status of the
present crop of trees maturing in Mountain Pine Ridge. Johnson
and Chaffey (op. cit.) present data on the standing volume of
timber in the project area. Their data indicate that in their
“pine forest" category the mean underbark stand volume is of the
order of 20 - 30 cu. 8. /ha. {280 - 430 cu. ft./ac). Most of
these pine stands are approximately 20 years old, and because of
wildfires ard overcutting in the past, contain slightly 1less
volume than the simulated stands derived from 10,000 seeds/hae.
{Tabkle VIII.3). The best of these areas can therefore be
expected to produce some 200 cu. m./ha. (2850 cu. ft./ac) or
50,000 bdft./ha. (20,000 bdft.sac) at the end of a 60-year

rotation.

8.3: STAND DYNAMICS AND THINNING TREAIMENTS

The objective in thinning a forest stand is to "provide the
greatest girth increment, consistent with maximum volume
production® (Bradley, 1967). Thinning involves a reductiom in
the density of the stand, and therefore competitive stress, in
order to stimulate growth and imgrove the gquality of the remnant
trees,. Artificial thinning of forest stands generally proceeds
according to esmpirically derived rules which often vary froa

species to species and from region to region. It has been found

that such empirical rules are strikingly similar to the %3/2

povwer 1law"® (White and Harper, 1969) which was initially derived
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from natural, unthinned crop and forest stands (Yoda et al.,

1963) .

The latter authors examined the process of population
reduction (self-thinning) in overcrowded pure populations of
several herbs and trees, and found that the mean weight of plants
surviving density-stress cculd be related to pépulation size as ¥
= C.p , Wwhere p is the number of survivors, and v is their
corresponding mean weight. White and Harper demonstrated the
application of this law to forest management by testing the fit
of data derived from artificial thinning of stands of various
forest species to the model. They state: “It 1is readily
apparent that the thinning treatments....based upon an "arbitrary
standard" to "maximize growth per tree and unit area® follows
closely the empirical conclusion of the Japanese workers - "there
is a maximum asysptotic density at each stage of growth and
densities beyond this level cannot be realized, however high the
initial density was, because of the regulation by self-thinning?*"

(p. 480).

The degree of density stress and competition {and therefore
the necessity of thinning) in the simulated stands can be
evaluated using the "3/2 povwer law®, The weight of a plant is
proportional to ifs volume, and mean stem-volume/tree will be

substituted for weight in this discussion. Plotting mean

tree-volume against the stem-density of a stand at 1 year

intervals from 15 years on in each of the simulated stands
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produces the series of graphs in Fig. 8.19. If self-thinning
proceeds according to the "3/2 power law®, the slope of each plot
should be -1.5. A broken line with this gradient is included in
Pig. 8.19 for comparison. It is clear that self-thinning in the
youngest stands (15 - 35 years), in all treatments, proceeds
along a much steeper gradient (c.4.7.) than the "3/2 paower lauﬁ
predicts. This is indicative of low density stress and
competition in these stands. At ages of more thanm 35 years the
slope of the volume - density regression 1line changes, and
self-thinning proceeds at a gradient of 1.5 - 2.5. As @might be
expected, convergence to the -1.5 slope occurs most rapidly in
the stands derived from the largest initial seed inputs, where
density stress 1is greatest. In less dense stands (<20,000
seeds/ha. input), it is cnly in the final five-year period of
the simulation that model and law converge. The <close
correspondence of the model tc the law would indicate that the

simulator mimics mortality and stand growth acceptably well.

¥e can conclude from these results that density stress and
inter-tree competition are not severe in P. cagribaea stands in
Mountain Pine Ridge until the stand reaches 35 years of age. To
allow the stand to progress to this point often reduces the
productivity of the stand, and most foresters would contend that
a stand should be artificially thinned at least a decade before

severe self-thinning begins.
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This conclusion may itself be tested against the more
arbitrary thinning rules devised for forest stands. Two "rules"
will be used as a test . The first of these is the ®1.5D rule®
in which the required spacing between neighbouring trees (in
feet) is egqual to the mean stem DBH (in inches) multiplied by
1. 5. The wmetric egquivalent of this rule is 0.21D' where D¢ is
the stem DBH in cms. and spacing is calculated in meters. The
secong thinning methcd to be employed is the Yield Class systenm

of Bradley, Christie and Jchanston (1966)

As a preliminary step in using the 1.5D rule, the time-paths
of mean DBH development in the three treatments to be tested
(20,000, 30,000 and 50,000 seeds/ha) are plotted in Fig. 8.20.
In the most densely-stocked stands (3,000 stems/ha. {1200
steasy/ac)) thinning is required by the 1.5D rule when the stand
is over 15 years of age. Minimal thinning-ages in less dense
Stands are 21 years (30,000 seeds input; 2500 stems/ha.
{1000/ac)) at age 15, and 27 years (20,000 seeds/ha; 20 stems/ha.
(800/ac) at age 15). The frequency of thinning after these dates
is a subjective decisicn which must be based to some extent on

the availability of local markets for thinned material.

A series of five replicate runs were made using PINUS to
simulate the effects of thinning in each of the densest stands,

Thinnings were made at years 18, 24 and 30 according to the 1.5D

rule. The numbers of stems (S) required in each thinning was S =

400/(D . 0.21) , equivalent to a total stem basal area per plot
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of S. (D/2) . To conduct the thinning trees of progressively
greater basal area were removed (Subroutine SORT), until the
total basal area of the plot was eguivalent to this value, which
is constant in all thinnings at 17.8 sq. a./ba. (77 sq.
ft./ac). The mean results of the five runs are presented in Pig.
8.21 where stand yields in the thinned and unthinned modes are
compared. Net volumetric yield in the unthinned stands is high,
amounting to some 500 cu. m./ha. at 50 years. In contrast, the
three thinnings retard volume yield, and net volume and volume of
thinnings is only of the crder of 40% of that in the wunthinned
mode., Using the intermational 1/4" rule to caluculate board-foot
yields, the thinned stands perform somewhat better. At 50 years
of age the rempnant stand is capable of producing net yields of
25,000 - 30,000 bdft./ha. (10 - 12,000 bdft./ac) compared to
80,00 - 95,000 bdft/ha. (32 - 4C,000/ac) in the unthinned model.
These yields, plus intermediate yields from thinnings, indicate
that saw-timber yields in thinned stands may be only 50% of those

in the unthinned stands.

The second thinning technique to be employed is one
developed by the Forestry Commission in Britain, which is claimed
to be suitable for all commercial species and site classes in
that country. The system is based on the ®yield class" of a
stand, where "yield class% is defined as the maximum mean annuai
volume increment of the growing crop. Management of the stand

consists primiarily <¢f removing on an annual basis a voluame
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equivalent to 70% of the yield .class of the stand, until the age
of maximum @m.a.i. volume is appfoached, at which point a lesser
intensity of thinnings is applied. For the three pine species
gro¥n commercially in the U.K., thinning commences (Bradley,
Christie and Johnston, p. 19) when the height of the dominants
in the stand reaches 9.1 - 11.3 m. (30 - 37 ft.). The authors
of the system claim that this form of management results in
“near—maximum profitabality under a wide range of price
conditions for both pulpwood and sawtimber production® (Bradley,
Christie and Johnston, p.1). This system would of necessity have
to 'be modified, in order to reduce the costs of management in
Mountain Pine Ridge; One way of producing this end result would
be to increase the thinning interval. An interval of seven years
vas adopted in this series of simulations, with thinnings being
initiated when the height of the four largest steams (exclading
the seed-tree) topped 10 m. and ceasing after the stand reached
40 years. The first thinning extracted a volume equal to the
annual thinning intensity, succeeding thinnings removed a volume
equal to seven times this value. The yield class values for each
of the seed inputs was determined by examining maximum m.a.i.

volume o.b. in the unthinned mode (Fig. 8.17, Table VIII.4).

The simulated thinning regime was replicated five times for
each initial seed input. The results of these runs are presented

in Appendix H. Thinning begins in the 18 - 22 year interval in

‘each case and a saximum cf three further thinnings are possible



I

278

prior to the 40-yr. cutoff point. The thinned plantations
described by Bradley, Christie and Johnston (op. €it.) maintain
a constant basal area throughout the course of thinning.
However, the sipulated stands of P, caribaea show drastic
decreases 1in total stem basal area in the third decade of
development as a result of severe thinning, and stand recovery
was retarded by further thinnings between the ages of 30 and 40
years (Fig. 8.22). 1Indeed, the canopy was opened up to such an
extent that seedling establishment continued, albeit at a low

level, to the end of the simulation (Fig. 8.23).

This destructiogp o¢f stand structure was paralleled by
decreases in stand yield. The mean predicted yields in terms of
overbark volume, underbark volume and boardfoot volume are
plotted in Figs. 8.24 - 8.26. The main stands after thinning
contain only some 15% of the volume of unthinned stands. At 50
years, the volume of thinnings removed is generally of the same
order of magnitude as the volume of the remmant stand (Fig. 8.
24) . Therefore the yield class system produces only 30X of the
yields afforded by leaving stands in the unthinned mode. The
reason for this unsatisfactory result is presumably the
difficulty of tramslating a plantation-based management systea to
naturally regenerated stands, for at +the time of the first
thinning in a plantation crop, there 1is considerably less.
variation in tree size thanm with a stand which may still be in

the regeneration phase.
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There are tu#o specific reasons for the failure of the yield
class system to maintain stands at a high-yielding level. 1In the
British pine plantations the total stem basal area immediately
prior to thinning is of the order of 21 sq. B./ha. (90 sq.
ft./ac). In the siamulated stands basal areas of this magnitude
are attained in stands between 25 - 30 years of age in the less
dense stands (<30,000 seeds/ha) and around 15 - 20 years in
denser stands. Conseguently in less dense stands, the standing
crop 1is insufficient to maintain a high thinning intemnsity. 1In
all stands the levels of curreat annual increment may fall below
the annual thinning intensity during the third decade of stand
development, thus thinning based on the yield class systen

eventually leads to a reduction in the standing crop.

8.4: PLANTATIONS

Although the seed-tree system will undoubtedly be the
principal form of regeneration in Mountain Pine Ridge,
plantations may be emplcyed for specific purposes. Foremost
among these wilk be the grosth of superior gemotypes as
seed-bearers, for research purposes, and, to a lesser extent, for
timber. PINUS was utilised to test the effects of various
plantation spacings en tree growth and stand yield. The site
index for the simulated runs was set at 15 m. (49 ft.) at 25
years, to allow comparison with the results from the seed-tree
management runs. The results of the simulations, whle mainly

"applicable to Belizean conditions, may also be employed to
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predict the yields and thinning schedules cof plantations of P.
caribaea of similar site-index elsevhere. Four experimental
treatments vere established. These consisted of running PINUS
with the four ipnitial tree spacings 1listed ia Table VIII.5.
Predicted yields from these spacings are listed in Table VIII.6.
In comparison with the yields from the seed-tree regeneration
system, the plantations exhibit an earlier but less rapid
increment 1in volume (Fig. 8.27, 8.28; Appendix I). Voluame
increment also reaches a maximum at an earlier age. The rotation
ages for sav-timber in the plantations vary from 40 - 50 years
depending on the the initial planting density (Table VIII.6).
The saw-timber yields in the densest plantations at the end of
the rotation are therefore egquivalent to that attained by the
recomrmended seed-tree reqgeneration system (20 trees/ha.), but the
crop is harvestable almost 20 years earlier. The predicted
yields from lower planting densities are correspondingly lower.
Plantings at an initial demsity of < 1000 stems/ha. produce
yields which are somewhat less than those of the lowest simulated
density of seedtrees. 1t seems clear therefore that plantations
for saw-timber in Mountain Pine Ridge should aim for initial

stockings of 1700 steamas/ha. or Rmore.

Obviously, a virtually infinite number of spacing and
thinning regimes could be run on PINUS and the results employed
as a guide to management practice. Until it becomes clear what

the future domestic c¢r export market demands are for pine
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TABLE VIII.5: PLANTATION SPACING
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TA3SLY VIITi.u: VOLULE INCHhwEN15, RKOTATION AGES AND RECOMNENDED
THLYWING LLWTENSTILIES IN SIMULALED PLANTATIONS OF
Po CAnTOALA. .

|
| # | Haxe NAI | Rotation Expa2cted Annual |
| Stens | m. t=.3 pift. I Age Yi=2lds Thinning]
=== et e ittt i }
| | | ) |
| 475 | 4.3 6145 630 (255) | 43 31 (13) 3.0 |
| | | |
b 750 | we2 3340 EPA B ENTY I 42 45 (18) 4.3 |
| | | )
I 1083 | J.4  134.3 B2l (578) | 44 69 (28) 0.6 |
| | |
| 1700 Jis.8 197.3 2052 (831) | 39 101 (41) 9.7 :
el Babahdehebdeshedai b === e ittt
{ /ha. ] /ha. Jac. it /4acC. | Yrse. 53 /ha. m.’/h:
|



290

products in Belize, it seems. advisable simply toc note a few

general conclusions from these liaited series of rums.

8.5: CONCLUSIONS

Three forestry management recommendations can be aade.
However, each recommendation should be accepted yith due regard
to the constraints of the aodel, particularly those that deal
with the behaviour of stands beyond 25 years of age. Beyond this
limit the model remains unvalidatedr and its projections are
therefore tentative. wWith this vword of caution, the specific

recommendations are as follows:

{a) PINUS indicates that regeneraticn of harvested
stands of P, garibaea in Bountain Pine Ridge is
fairly slow, and to ensure an adequate level of
stocking of young pine a minimal seed input of some
20,000 seeds/ha. 1is required. This value can
probably be achieved by retaining between 10 - 20
trees/ha. (¢4 - 8rac). It is recoamended that a
minimsua of 20 stems/ha. (8/ac) be retained to
serve as seed-bearers. Even with this density of
seed—-trees the regeneration phase 1lasts for 20
years after disturbance, and maxiaum seedling
establishaentvrates occur in the period between 10

and 15 years.
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Given this initial level of stccking, a rotation of
at least 55 years should be employed to maximize

saw-timber productivity.

If thinning is practiced at all in Mountain Pine
Ridge, and it may be coampletely unnecessary in the
light of testing against the 3/2 power law, it
should only be practiced in 1localities where
exceptional densities of seedlings occur. Even in
stands over 30 years old, a light thinning may be
all that is required. Severe thinnings (even those
as lenient as the 1.5D rule) lead to fairly
constant stand volume between 30 and 50 years,
without concommitantly 1large thinning yields, and
are not recommended, particularly as there 1is at

present no market for thinned materials locally.

No mention has been made in the discussion so far
of the role of fire as an eleaent in the management
of the pine resocurce, althcugh there has been a
tacit assumption in these simulations that
"time-zero® represents a logging event accompanied
by a controlled burn to reduce slash buildup. Such
fires were .utilised during the early years of
logging in Mountain Pine Ridge , but there has been
a moratorium on prescribed burns in Mountain Pine

Ridge for almost 15 years, ever since Wolffsohn, -
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who originally recoammended their use, found sach
fires difficult tc contain with the equipment and
manposer then available. However, the Forestry
Department in Belize has recently (May, 1976),
re-initiated research on the effects of prescribed
burns, and such fires may well prove an acceptable
silvicultural tcol in the pear future. Since the
prime inhibitor of pine regeneraticn has been
showun to be litter builup, the reduction in litter
mass by a contrqi burn after logging will not only
reduce the risk of wildfire, but also stimulate
pine regeneration. Prescibed burning of the stand
during its development may also come to play an
important role in forest management in the study
area. However, the curfent lack of data on the
effects of such burns on pine regeneration has
precluded the use of PINUS as a means of assessing

the long-term effects of such a policy.
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CHAPTER NINE: L CONCLUSIONS

Pinug carjbaea var. jponduyrensis dominates extensive areas

along the Atlantic coast of Central America. Along with the
other Caribbean races of the species, it has become one of the
chief timber and pulp trees to be planted in the tropics and
sub-tropics over the last twenty years. 1In its natural range, P.
caribaea usually occurs in open, park-like stands generally
referred to as "pine savanna."™ The infertile soils of the coastal
and interior provenances of the Central American subspecies
render the tree fairly slcw-growing in its native habitat and its
commercial value is therefore primarily as saw-timber; and as a

source of seed for plantation developrent elseshere.

In contrast, the exotic plantations ‘of the species are found
in husid coastal lowland areas, on well-drained , fairly fertile
soils. In these sites it is grown on short rotations for pulp.
only in some of the older plantations at higher altitudes 1is
sawtimber likely to be the primary product. There is therefore a
strong dichotomy in the interests of forest managers in the
natural and planted range of the species, and the research
results generated in one situatiocn may not be directly applicable

to the other.

The population size of a plant species can be envisaged as a
response to four factors: the carrying capacity of a site, the

time-span for vwhich the site remains colopizable or habitable,
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the dispersibility of the species, and the spatial distribution
and size of sites suitable for colomization (Gadgil, 1971). P,
caribaea is a 'fire-qgpportunist' species capable of colonizing
and Vsurviving until reproductive maturity in sites frequently
stressed by fire. However, the carrying capacity of a site
exposed to a 'natural' fire regimen (recurrence interval of fire
< 20 years), is low because of the high mortality rates suffered

by juvenile pines during a burn.

The main thrust cf forest management in the Central American
stands of P, caribaga up to the present day has therefore been
the containment and prevention of grass fires in an atteapt to
increase the carrying capacity (and therefore timber yield) of a
site. In those areas in Central America in which fire protection
has been adopted, regeneration of pine has Aincreased
considerably, except where over-cutting has reduced the stock of
mature seed-trees., However, the exclusion of fires over several
decades leads to reduced establishment of pine seedlings, and in
time the competitive exclusion of P. caribaea by broadleaved
species, particularly oaks, 1is to be expected if fire |is
completely excluded from the enviroanment. It is clear therefore
that the future of the pinelands of Central America, as both a
timber and genetic resosrce, depends upon the development of
management strategies aised at conserving the pine estate. Such
strategies must be based on an adeguate knowledge of the ecology
- of the seediing phase, as population-turnover is greatest during

this transition period.
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This study focussed therefore on the seed and seedling
dynamics of Caribbean pine in stands protected from fire for
various lengths of time. The population flux during the first
five years of seedling growth in all sample stands was analyzed
using a static life-table. This 4indicated that the greatest
mortality was suffered during the seed - seedling transition, and
in the first year of the seedling's existence. Data on seed and
seedling survivorship frcam a sown populaticn of 13,600 seeds in
17 stands demonstrated that the overall small size of the
established seedling-population was primarily a response to
severe predation of seeds in the post-dispersal period. The
magnitude of seed-predation proved to be of a fairly uniformly

high intensity in all the stands sampled.

A further 20,000 seeds were sown in the same stands at the
same time and at the same density as those above., The plots in
which they were sown were manipulated to exclude the larger
members of the seed-harvesting fauna, root competition fronm
neighbouring trees, or root competition from the ground flora.
All these experimental treatments were monitored for a period of
one year. In addition, a series of laboratory and field tests
were conducted on the effects of 1litter depth, radiation

intensity, illumination, and allelopathy on seed germination and

seedling survivorship.

Somevhat  surprisingly, the louest rates of seed

establishment were 1in the youngest stands on recently disturbed
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seedbeds. High incident radiation and thin litter 1layers (>0.5
Ca. thick) led to dessication of the sandy surface soils and a
subseguent inhibition of germination. Those seedlings that did
germinate presumably died very soon thereafter as a result of the
failure of the hypocctyl to rupture the crust that developed on
these soil surfaces. Maximum rates of establishment were
recorded in stands vhich had been undisturbed by fire of logging

for 5 - 15 years.

In older stands, although germination was slightdy 1lover
than in the 5 - 15 year-old stands, the failure of pine
regeneration was primarily a result of the low survivorship rates
of germinated seedlings. The 1lower germination rate was
attributed to the *"perching” effects of a thick litter layer.
Many of the seedlings landing on this type of substrate are
unable to penetrate the 1litter mat and to secure a moisture
supply. The low survivorship of germinated seedlings in these
older stands wvwas ascribed to the symergistic (tbhough indirect)
effects of a thick litter mat and shady forest floor conditiomns.
It is postulated that thick 1litter and shade inhibit the
infection of pine roots by mycobionts, on which the seedlings
depend for continued growth. Uninfected seedlings, or seedlings
with only a 1low proportion of their roots infected, are less
vigorous and more open to infection by pathogenic fungi, and it
is presumed (though not proven) that the low surviworship derives

primarily fron'this cause. Seedlings in these older stands also
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suffered a significantly dreater degree of predation by
herbivorous insects than seedlings in the 5 - 15 year age

category.

The conclusions presented above are subject toc a number of
constraints. Although stand data were collected during the
course of two field seasons, the data on seed and seedling
population dynamics represent a sample period ¢f one year because
of complete failure of the seed populatican to germinate in the
first year. The annual variability of such important variables
as seed-production and seedling establishment remains unknown,
and the conclusions drawn from the 1limited field evidence nmay
have to be revised as further data becomes available. The high
between-stand variance in the germination percentages in the
control ©plots points to the inherent variability of stands that
vere grouped into particular age-classes. This variability steas
probably from three causes: the small number of stands in each
age-class, the envircnmental patchiness in each stand, and the
varied history of disturbance of each stand within homogeneous
age-classes., Overcoming thesé prokleas would involve a
consideéable increase in sample size, not only of the number of
stands, but of the size and number of experimental plots within

stands.

Furtheraore, there is little hope for any detailed histories
for the stands sampled in Mountain Pine Ridge. All have suffered

‘from varying intemsities c¢f disturbances in the form of (uswmally
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unrecorded) burns, logging, thimning activities, and, to a lesser
extent, cone collection. The research design infers teaporal
dynamics of stands based upon a spatial sampling procedure, and,
as with nmost studies in vegetation succession, the validity of
the +technique can only be assessed over a considerable

time-period.

A simulation model was constructed to model the behaviour of
mature stands. Empirical relationships derived from field
sampling and experimentation were used to regulate seedlimg input
and to model the growth apd morphology of imndividual trees in the
simulator. Growth rates of individuals and competitive
interactions between individuals were simulated by eamploying a
modified version of the JABOWA program of Botkin et al. (1970,
1972) . Annual dbh increment was considered to be functionally
dependent upon the degree cf mutual shading of the tree crowns in
the stand, and the stem volume-increment was then utilized to
assess the probability of mortality of individuals. The data for
this section were derived from stands of P. taeda and P4
elliottii iam Louisiana. The whole-model behaviour was then
verified by testing its short-tera growth and mortality

predictions against the dynamics of real stands.

It is possible to use the model as a simple short-terma (<20
years) growth and mortality predictor by employing as input data
from real plots. These data would consist of a 1list of tree

heights, dbh®s and ages. They would be used to assess future
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stand development, to predict nmean yields, and give soae
indication of the variability inherent in stand dynamics.
Indeed, this may well prove to be the most satisfactory use for

the model.

However, in order to clarify certain problems associated
with management of the pinelands of Belize, several long-terna
experiments were performed using the verified model. The
experiments analysed the effects of various
harvesting/regeneration strategies and rotation ages, and
thinning regimes in pine stands of varying density. Specific
recommendations frorm these experiments are detailed at the end of
Chapter Eight. In order to produce an adeguate stocking of
regeneration after 1logging a stand, it is necessary to retain a
mainimum of 20 trees/ha. to act as seedbearers. Maximum nmean
annual increments (volumetric measure) in the simulated stands
are attained 45 - 50 years after logging, and a rotation age of
60 years 1is therefore recommended in the study area in order to

optimise saw-timber yields.

Perhaps the single mest important conclusion for management
practice in the pinelands c¢f Mountain Pine Ridge consisted of the
recommendations that arose from the simulaticn of various
thinning practices. Specifically, severe thinnings, even those
as lenient as the 1.5D Rule, were not recommended for
»silvicultural.practice in the pinelands, because of the drastic
deterioration of stand structure following such thinnings. The

current thinning programme in Mountain Pine Ridge may well result
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in considerakly reduced future yields because cf the reliance on
such eampirical rules as a guide to thinning practice. Only in
young stands of excepticnal density should thinnings be
practiced. Future development of the model could proceed along
one of two paths. The first would be to attach costs and
revenues to the various management strategies, and then
incorporate thesé‘into a large forest estate model. The second
would be the use of the simulator as a foundation om which to
build an "ecosystem¥® mcdel, in which the major nutriemt and
energy flows are incorporated into model structure, in order to
simulate the effects of such disturbances as timher harvesting,

slash-burning or wildfire on nutrient reserves and fluxes.

This study has been equivalent to ope pass through
Forrester's nine-stage "model of a model.® Undoubtedly as more
data becomes available on the ecology of P. caribaea, the
dynamics of early successional tree species, or the demographic
strategies of pines in general, the model will reguire revision.
A complete re-analysis of some sections may have to be
undertaken, particularly areas such as density stress - mortality
interactions in mature stands, and pine regeneraticn dynamics in
very recently 1logged stands. Only when such data becomes
available can a significant iamprovement be made 1in the

predictions of the behaviour of stands of Caribbean pine.
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APPENDIX A: EXOTIC PLANTATIONS OF PINUS CARIBAEA VAR.

-----——--_———-—-—! - —— ---———-I

S. Africa 10,000 4,047

i
{ Country | Area planted | Estimated rate of |
| i ap to 1970 i planting in 1975 |
| I--——————————— - - = -1
] ] ac. ha. aCa. ha. |
|-—- -] ituietaieiiriatetatnd Bt At —————— i
| 1
| Australia | 8,000 3,238 2,500 1,011
i 1
| Brazil l 4,000 1,619 8,000 3,237
l i
§ Fiji ! 11,500 4,654 10,000 4,047
| |
{ Fr. Guiana | small - 500 203
| l
] Guyana | 450 182 200 81
| l
] India i small - 500 203
| i
] Jamaica | 7,000 2,833 3,000 1,214
i |
| Malagasy 1 - - 1,750 690
| 1
| Malaysia i small - 1,000 404
| |
| Nigeria ] - - 1,000 404
| |
] Solomon Is.| small - 200 81
i 1
| 1
| i
| l
l |
| i
| i
| i
) i
| i
| |
l i
l |
i |
| i
i

—— s s M gy S S S mait B e Sl e N e G s e e W S Geh e S e S s e G D b S e N i G i G e G

Surinam 10,000 4,047 2,470 1,000
Tanzania 6,700 2,712 10,000 4,047
Trinidad 6,000 2,428 1,000 404
Uganda small - 500 203
Venezuela 200 81 4,000 1,620
Zaire 1,500 607 2,470 1,000

jm——m—m e e | = —— -_— -

| Total - ] 65,350 26,448 |

49,090 19,850

e Ee e B

Data Sorrce: Lamb, 1973; p.212.

S e e S A s G Gt S Wi e Gl M des s G S s G e G G G G G G e Ge G e B ane e Sne S GE G SR G S
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I: FLORA RECORDED IN THE SAMPLE STANDS IN MOUNTAIN PINE RIDGE.

Trees and Shrubs

?Aridisia spp. Miconia albicans
Byrsonima crassifolia M. argentea
Calliandra houstoniana M. belizensis
Citharexylum caudatum M. ciliata
Clethra hondurensis M. habrolepsis
Clidemia deppeana M. ibaguensis

C. strigillosa M. pteropoda
Clusia flava Mimosa albida

C. flava : M. pigra
Crescentia cujete Myrica cerifera
Curatella americana Psychotria spp.
Cyrilla racemiflora Quercus oleoides
?Eugenia (2Calypranthes) Vismia ferruginea
Eupatorium ooratum Vismia ferruginea
Henrietta succosa Xylopia frutescens

Hypericum styphelioides
H. fasciculatunm

Subshrubs and Herbs

Aeschynomene sp. Paspalum plicatum
?Ageratun P. pulchellunm
Andropogon tener Panicum arenicoloides
A. virgatus P. laxunm

Bulbostylis vestita Polygala sp.

Calea longipedicellata Rhynchospora globosa
C. peckii R. aff. plumosa
Cassia flexuosa R. podosperma
Clidemia rubra R. robusta
Coccocypselum hirsutunm R. rugosa
Dalechampia schippii Scleria micrococca

Dicranopteris pectinata Zornia reticulata



1I1:

Fangi:
Gleicheniaceae:
Dennstaediaceae:

Pinaceae:

Gramineae:

Cyperaceae:

Palmae:

Loranthaceae:
Salicaeae:
Myricaeae:

Fagaceae:

Annonaceae:

Malpighiaceae:
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LIST OF BOTANICAL AND COMMON NAMES OF PLANTS

MENTIONED IN THE TEXT

Y

Cronartium conigenum Hedge & Hunt Cone rust
ang

icr pteris pectinata Underw. Tiger-bush
Pterjidius aguilinum {L.) Kuhn Bracken
Abies balgsamea (L.) Mill. Balsam fir

Picea glauca (Moench) Voss
nus banksiana Lamb.
Pipus carilaea Morelet
nus densiflora Sieb. & Zucc.
Pinus echinata Mill.
Pinus elljottii Engelmn.
Pinus hartpeqggii Lindl.
us oocarpa Scheide
Pinus palustris Mill.
Pinus pipnaster Ait.
Pinus ponderosa Laws.

White spruce
Jack pine
Caribbean pine
Lodgepole pine
Shortleaf pine
Slash pine

Ocote

Longleaf pine
Maritime pine
Ponderosa pine

Pinus pseudostrobus Lindl.
Pinus radiata D. Don Monterey pine
Pinus resinosa Ait. Red pine

Pinus sylvestris L. Scots pine
Pinus strobus L. White pine
Pinus taeda L. Loblolly pine

Pseudpotsuga menziesii Franco Douglas fir
Tsuga canadensis (L.) Carr. Eastern hemlock
Tsuga heterophylla (Raf.) Sarg. Western hemlock

Andropogop virgatus Desv.
ium Hubbard
Roem. & Schult.
Cutting grass

Palmetto
Silver pimento

Arceuthobium spp. Dwarf mistletoe

Populus tremuloides Michx. Quaking aspen

Myrica spp. Teabox
Quercps hondurensis Trelease Oak
Quercus olegides Sch. & Chanm. Oak
Quercus purulhana Trelease Oak
Xylopia frutescens Polevood -
Byrsonima crassifolia (L.)DC. <Crabboo
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Aceraceae: " Acer §gg§hgﬁg! Marsh Sugar maple

Dilleniaceae; curatella americana L. Chaparro
Ravilla kupthii St. Hil.

Guttiferae: clusia spp.

Myrtaceae: Rsidius_apglohondurense McVaugh

Melastomataceae? Qlidg;ig Iubra (Aubl.) Mart.

Hicopia allkicans

Miconia helizensis Standl.
Clethraceae: clethra hcpdurensis Britton
Bignoniaceae: Tabebuia rcseg (Bertol.) DC. Florosul

Enallagma latifolia (Mill.) Small



— . S G G- G S . S - S a— T s WS g v ——

variable 4
1 Z 3 4 5 6 7 3 9 10
1 14 150 50 1.65 37.5 12.5 Ue 16 100 0
2 20 391 127 3.92 5.0 obl.u 0ei31) 72 b
3 11 98 33 1.15 55.0 2e ) UeH3 96 0
4 ¢ 52 < 0.53 75.0 0.0 O.37 100 0
5 29 178 53 4,00 2.5 0d.U Q.45 32 0
h 25 216 35 2439 0.3 30.0 0.33 60 16
7 25 Ld3 b2 3.19 7.5 30.0 Oeld 00 0
8 8 78 U 1.19 50.0 Hel 0e 33 Y6 0
I 15 159 45 1.76  25.0 1J.0 0.929 76 0
10 13 by 2 3.00b 0.0 U45.9 Del9 4y 24
1 25 290 41 3.93 5.0 " 55.0 Oe 36 72 12
12 20 139 ol 2. 36 7.5 17.5 0.35 44 ]
13 25 430 200 3.05 0.0 22.5 Oe 22 4y 4
14 25 195 85 1e56 30.0 7.5 Oen6 100 0
15 25 235 85 2.489 7.5 20.0 Dabb 24 16
16 1 62 18 0.19 90.0 0.0 0e.95 100 0
17 2 56 21 0.955 87.5 0.0 0.39 100 V]
Stand #

Wouowonouw
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APPENDIX C

Starnd Age (Yrse)

Density of non-seedling P. caribaea
(3%ems > 2 m. in height)

Density of seadlings cof 2. caribaca
(stems < 2 me in height, 2xcluding tYst-yzars)
Total Pine LEasal-Area {34.CiS.)

Curcent Annual Seredg-Yield (Fstimated)
Total Basal=Ar=a of dHardwoods (Sq.Ccis.)
Shrub Cover (%)

Grasys Biomass (3/0425 s53.Me)

Grass cover ()
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APPENDIX D

¥

ENVIKCNNEINTAL DATA FOR THE SAMELE STAUDS LW dQUNTALN PISLE 213Gs.

| variable * |
| {
| 1 2 3 4 5 6 7 ] Y 10 |
Bt it Sttt bt b |
[ 14 31 t 4828 453 90 2.1 144 36 |
i 2 20 34 1 9779 1729 4909 7.5 130 35 |
1 3 1 59 30 40437 64 534 17.3 B8Y 39 4
[ 4 3 i3 20 2743 32 100 7e3 127 39
) 2 19 pa 9752 2438 319 2.7 Tvo 36 |}
| o 25 13 5 4,20 3312 155 6.5 68 3y |
1 7 25 24 99 10531 3136 350 21.5 Z6 39 |
| 3 R 590 31 i 21 13 1.6 120 29 |
| 9 15 93 5 8604 69 2764 13.1 126 4 |
{10 13 94 7 18071 1040 1057 23.0 63 21 |
111 25 22 54 83975 B6%s 1620 34,3 4y 16 |
112 20 13y 67 9208 571 71506 33.1 36 13 |
}J13 25 6o 17 10409 5565 967 46e6 31 7 1
|14 25 41 121 7732 577¢ 282 2e 9 o7 27 |
115 25 15 2 7897 4692 336 35.4 69 ~ 20 |}
j156 1 16 2 3442 0 383 0.9 5 3}
§17 2 14 0 3660 0 0 0e0 54 <4
et s e Sk sietsh bbbttt bttt ittt b £ |
Variaole # Stand #

stand Ag=2 (YyIrs.)

ean Litter Mass (/0425 3¢.0.)

St. Deviation cf Littar Mass

Mean Litter D=pth {cms)

% Littsr Depth Observatious < 0.5 cms.

" " " " > 3.5 cuse.

redian kdiation Intensity (V.0 - 1.0 Scal:)
Illumination Obkservations > 3000 €oo%t~candles,

" n " < 2000 " "

[T | T T T ¢ S | O T T O 1 B 1|
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APPENDIX__E

CONVLESTOW CHART FOR LIGHT METLCR HbCUEDING Th F Su0uP

AN SHUTTFR SPFERS TO FOOICANDLES,

AsA ol

f STOP
B . s TRV
T T N D O S P
: 3 4 2 1.0 2.0 4.0 3.0
: 15 4 4 2 1.0 2.0 4.0
} 30 15 8 4 2 1e0 2.0
: 60 30 15 3 4 2 1.0
: 125 00 30 15 3 4 2
: 250 125 bU 30 15 ) 4
1 500 250 125 60 30 15 3
:1000 500 250 125 60 30 15
: 1000 500 250 125 b0 30
1 1000 500 250 125 b0
: 1000 500 250 125
: 1000 500 250
!
|==m== e e e e S e e ————————

|
|
|
|
|
|
|
I
|
|
|
|
|
|
|
|
{
|
|
|
|
|
|
|
|
|
|
|
|

"~y
~
|
C:
.
-

16

32

05

130

2060

19U

2000

400

80J0

10000

— e G g S— G B g W fgmy G (e S sugh G g AR G S g O G Gm— o

This table can ke uwtilized only for light metais set
to fila speeds oi ASA 64, The flgures in th=2 main

1/4

body of the cuart represent shutter spa2eds (4 =
of a second and 4.0 = 4§ seconds). To obtain the
appropriate foot-candl- rating for i particular
shutter speed angd £ stop, Czad down +the f =stop

column untii the requisits shurtter spesd is rCeached,
*hen r2ad otf the the foct=-candle rating on %he same

row oL the matrix. Thus, an £ stop of 8 and a

shutt2r speed of 1/250th of a second is «guivalent

*0 a illumination ot 2000 foot-candless
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//ACTOERNT 303 {(V197,63561) , ¢ AN Up/LOM !
/% JCLPARN  P3SWU=ME
// EXEC PGM=I1ERGENER s
/7 3YSPKINT DD SYSOQUT=A
//51SUT2 DD SYSOUT= (A,,1180),D k= (RECFA=FBSA,LALCL=80,8LKSI2E=13120),
// PCB=6, LCS=TN,CQPIES=1
//SYS1W DD DUMMY
//3YSUT1 DD DATA o
//A2T6TRIT JOu (1079,G2219),'3 S/TEEE #1 ! ,MSGLEVEL=1,TIAE=30,CLASS=C
/*JOBPARM PSKD=SERIEE, LINES=5,CARLS=30
// EXEC FOKTGCLG,REGIUN=200K,TIME.GO=(29,30) ,PARN=NOSOURCE, NOPUNCY=
//FCRT.SYISIN DD ®
C

VEBSSS P USSR BRSSPSR IS4 VNS SRS I ISP PSS SRR SR EREEE S
VS4B SUSESE RN SRS RS RB LRGSR INNERSBISRISER SRS P IBI SIS SEEED

‘e .
(2] .o
(A4 PINUS L
. -
s A PRKGGRAM TO SIMULATE THE GRCWIH AND POPULATION L4
L4 DYNANMLICS OF PINUS CARIBAEA IN MANAGFL AMND UNMANAGeD **
LA STANDS IN THE MOUNIAIN PINE RIDGE AREA OFP 3ELIZE, L
. *e
s ’ 'y

[ AT TR I TR RIS AL R 2 2 220 R R2 R R R R 222 R R 212222
SEE 2N NEBERESEERSRESERIPRB 4 IS SESSEBAREBISESEBESEF6S6EEEREEPED

BESU SR INSIAISRSISEPRSISENISRBEEISSES

. »
. VARIABLE LISTING b
» »

BESREES A IR VSIS EEB I RIS S SEEBERS S

sessRsE NN ARRAYS III TR Y]
MTREE VECTOR OF TKEE MUMBERS (1 -~ 1000)
HSEED VECTOR OF WEAN SEEDLING HEIGHTS FOR THE FIRST 8 YRS,

SSEED = STAMDARD DEVIATIONS FOR SEELLING HEIGHTS

STRUC = VECTOR OF - CF TREES IN EACH BASAL-AREA SIZE CLASS
FECU ~ VECTOR OF SEBC-FROLUCTION POR EACH SIZF~CLASSH
RAGE = VECTUR OF TREE~AGES

H = TREE HEIGHT VECTOR

DBH = DEAMETER AT BREAST HEIGHT VECTGR

YOL = THREE VOLUKE VECTCR (CU. M.}

VINC = ANNUAL VOLUME INCREMENT VECTUR (CJ.B.)

BA = TREE EASAL AREA  (5Q.CRG5.)

SLA = - 5UM OF NEEDLE MREAS FOK ALL HIGHER TREES (Sv.d.)
AL = LIGHT LEVEL AT THE TCP OF EACH CRCWN (SCALE - 0-1.0)
ELA = ESTIBATED LEAF (NEEDLE) AREA FOR EACH TREE (59.8.)
CL = CROWN LENGTH VICTCR (M.)

BASUM = VECTOR OF TUTAL EASAL AREA PER SITE PER YEAK
ALITT = AMOUNT OF LIITER (GhS5./0.25 5u.M,)) PEH SITE
GRAS5 = AMOUNT UF GRASS (685./0.2% SC.R.) PER SITE

PYEC = MOKTIALITY VECTUb FC? SEEDLINGS

MORT = LIST OF VEAL [dEES

BRORI = EASAL AHEA OF DEAD TRERS PER YEAR

22 = STOKAGE VECTUR IN THIN SUBROUTINE

AR = STOKAGE VECTUR IN THIN SUBROUTINE

VMORT = VULUBE OF LUEAL TREFS PER YEAU

VTHILN VULUME THINNED PER YEAR

BTHIN EASAL-AREA THIMNED PER YEAR

VSIG = STANDARD DEVIATICN CF VOLUME TNCREASE PER SIZE~CLASS
VHAR = FE)PECTED VALUKE LMCREASE PER S12E CLAGSS

*essuaresss CCFFFICLENTS #essscsscss

AQ
Al

= INTERCRYT IN MORTALITY REGRESSION EQUATION

= SLOPE IN MURTALITY ntGRESSION EQUATICN

FMOBT®#AO ® EXP (~A1*VCON)
WHERE VCON IS THE MEAN ANNUAL INCREMENT IN VULUSE
CONVERTED TO C(UEIC CENTIMETRES

X R R e N N N ol N ol e N oW N S N o N SN N PN oW oW SN SN SN o e N e N SR SN N A N SN ol SR e W e R oW o N e N o W o N W A SR A SR W N N N RSN R SR N o R N SN oW

POR F. CAKIBAEA AO - U.C4U67, A1 - 0.0004
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NTIME = LENGTU OF KUN IMN YEARS
IX = SEED BANDOM NUMBER FOR GAUSS AND RANDU SUBROUTINES.
PRINT = PRINTOUT FREQUEMY CPTICN
IPLANT = PLANTATION /s NMTURAL STAND OPTION
1 = PLANTATICN
BAREY = THIN TU BEQUIKEL IASAL-AREA PER STAND
NFREQ = THINNING FREQULNCY

C 1]

< .

c D1, D2 - INTERCEPT AKD SLCEE IN THE LEAP-AREA / BASAL-ABREA
¢ . KEGRESSION EQUATION

¢ WHERE® KLA ~ DI®BASS[2

C

c FOR P. CARIBAEA D1 -~ 0.10, D2 = 1.0

C

c F1,F2,F3 - INTERCEPT AND SLOPE VALUES IN THE CROWN-LENGTH /
< DENSITY / STANL AGE MULTIPLE REGRESSION EQUATION
¢

¢ CLaF1-F28DENSITY-F3*STAND AGE

c FOR P. CARIBAEA F1 - 0.6723,F2-0.002,P3-0.0C14

c

C

¢ G1= GHONTH COEFFICIENT FOR JUVENILE (<10 YuS.) THEES.

c G2= GROWTH COBFFICIENT FOk TREES > 10 YRS.

o

C

C

C IZ SIS 2RISR Y S} OTIHEER VARIABLES Ehs VSRS b s s kbR
C

C NT = # OF Td:sS IN EACH RUH

¢ KDEAD = ¢ OF TREES CULLED BY MORTALITY UK [HINNING,

< NADUL = # OF TREES WITL CSH > 10.0 CAS. (4 INCHES)

¢ DONT = # OF TREES WITH EASAL-AREAS .GT. 4QO., SQ.CHS.

[

C

c

¢

¢

c

C

¢

DIMENSION MTREE (1000) ,NTHEQ(S0) ,NFREG(10) ,BAREQ(50)

DINENSION DATA(5,103),Xx (5,103)

CONNOM /LEORNA/FECU (13),STRUC (13) ,NAGE (1000) ,ALLTT (50) ,ENAK,FSIN
COHMGN /HDATA/H (1000) ,DBi (1060) ,VOL (1000) ,VINC (1000) , BA (1000) ,NT
COMMUN /MORTA/PVEC(3), NGiti (4CO), VAORT (50) , BMORT (50) ,KDLAD,NADUL
COMMON /GROWA/SLA (1000) ,AL (1€00) ,ELA (1000) ,CL (1000), sASUM (50)
CINMON /SEEDA/HSEED(Y) »S:1ED{9) ,VCOEF (50) ,GRASS (50) ,SELDP (50)
CUMNON /THINA/ZAA (1000) ,2¢ (10C0) ,VTHIN(50) ,BTHIN{50) , NK

COAMON /GERMA/NGOKN (50) ,GERM (50) ,5LITE (50)

COMNON /SUNMA/HUS (50), DES (50) ,VUD(50) , SLMAX (50), 5UsV (50)

COMNMON /HMORTB,/VA (50) ,BM (5i)

CONMON /COEPF/AD,AY,82,53,C1,C2,D01,D02,F1,F2,83,61,62

DATA IX/912773/,NT1AL/SG/, FRINT/S5.0,/ ,MAY0/0/, IPLANT/ 1/
DATA NTHIN/O/,NTH/0/ , MTHIN, ),/
NYR=0
PKT=0.0
KDEAD=0
10 NYg=NYRel
SEEDP (NYR) 2G.0
NJORN (NIR) =0
GERM (NYR) =0.0
ALITT (NYH)=0.0
GRASS (NYR) =0. 0
IF(NYR-1)11,11,20
11 00 12 1=1,1000
W(1)=0.0
PIU(I) =0.0
VOL(1)=0.0
VINC(I)=0.0
BA (1) =0.0
NAGE(I) =0
SLA(I)=0.0
AL(I)=1.0
ELA (1) =0.0
CL(I) =0.0
ATHREE (1) =0
12 CONTINUE
DO 13 JI=1,10
13 NFREQ(JI) =0.0
DO 14 JP=1,50
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VHOKT (JP) =0.0 )
HRORT (JP) =0.0
14 BAREQ(JP)=0.0

READ(5,27) KDATA,NT,IX
IF (KDATAL NE. 1) GOTO 110 e
READ (5, 1) (FECU(J) ,J=1,13)
READ (5,2) (PVEC(K),K=1,3)
READ(5,28) A0,A1,82,83
READ (5,3)D1,D2,F1,F2,F3,61,62
READ(5,4) NTIME, PRINT,MAYR, IPLANT
HEAD(5,6) NTHIN,NTH, MTHIN
110 CONTYRUE
WRITE (6,101)
Dy 15 L=1,NT
LF (IPLANT.EQ. 1) GOTO 30
READ(5,5) DBH (L) , H(L) ,NAGE (L)
GoTo 31
30 DBH{L)=0.0
H(L)=0.2
NAGE (L) =0
31 CONTINUE
BA (L) = ( (DBH (L) /2.)**2) %3 1416
MTREE (L) =L
FFP=0.40
VOL (L) = (DA (L) #0. 000 1) *H (L) *FF
ARITE(6,102) H(L) ,DBH (L), EA(L),VCL(L) ,NAGE(L)
15 CONTTNUE
WAITE (6,104) NTHIN,NTH, KTHLN
IF(NTHIN-1) 20,18,16
13 DU 19 IK=1,HTHIN
READ(S,9) (NPREQ(IK))
NP=NFKEQ (1K)
READ (5, 103) BAKEQ (KF)
19 4AITE (6,106) KFREQ(IK) , EARE( (NF)
GOTO 20
16 D0 17 JJ=1,NTHIb
HAD(5,9) NPREQ(JJ)
HF=NFREQ (JVJ)
HEAD(5, 19%) HTREQ (NF)
17 4LITE(6,195) NFREY(JJ) , NTREC(NF)
WRITE (6, 105)
20 CONTINUE
CALL STAGE3S (NYR)
PKT=PKT+1.
MAYR=MAYR+1
CALL LEAP (5UMLA,NY)
IF (IPLANT.EQ. 1) GOTC 20
CALL SIKTH (MAYi, NYU,SUNLA)
WN=NT+1
KT=NT+NUORN (NYR)
TP (NBORN (NYR) - 1) 20,22,23
23 CONTINUE
DO 21 JK=%8,XT
21 aTRER (JK) =JK
GOTO 20
22 MTREL (NN)=NN
26 CONTINUF
RITE (7,114) NYK,SLED > (NYE) ,ALITT (NYR) ,GRASS (NYk) ,BBOAN (NYR),
1 GERM(NYR),SLITE(NYi)
114 FORMAT(L3,F7.0,2F5.0,14,2F9.3)
IP(PXT.LT.PRINT) GUTO 113
WRITE (6, 111) NYK, SEEDP (NYR) ,ALITT (§YH) ,GRASS (NYk) , NBORN (XYR),
1 GERM(NYK)
113 CONTINDE
KK=0
33 KK=KK+1
NAGE (KK) =NAGE (KK) ¢1
IF(KK.LT.NT)GOTO 33
CALL GhOW (ATREE,NYR,IX,PRINT,PKT)
CALL MOKTAL{MTREE,NYH,IXN,PRINT,EKT)
Ku=0
IP (NTHIN) 25, 25,223
223 DO 24 I=1,MTHIN
26 IF (NYR.EQ.NFREQ(I))KA=1
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IF(KM.EQ.0) GOUTO 25
CALL THIN (MTKEE, NTHIN, BAREG, MTBEC,NYK,PRINT,PKT)

25 CONTINUE ’

IP (NT.EQ.0)GOTO 112
IP(XYR.LT.NTINAE) GOTO 10 -
GATA DEPLT/.001/,IVAd/3/,10P1/2/,1SCALE/10./,YSCALE/6.0/
IPOINT=NTINE

DO Y94 J=1, NYR

bo 999 I=1, VAR

999 XX (I,J)=PLOAT (J)

DATA(1,J) =SEEDP (J)

DATA (2,J) =FLCAT (¥BORN (J))

DATA(3,J) =GERM (J)

1P (DATA (3,J) < EQ.0.0) DATA (3,J)=DEPLT

CONTINUE

CALL XLINIT (100.0)

CALL MPLOTS(XX,DATA,IPCINT,IVAR,IOPT,XSCALE,YSCALE)

DO 997 J=1,NYR

DATA (1,J) =ALITT(J)

DATA (2,J) =GRASS (J)

997 DATA(3,J) =SLITE(J)

CALL PLOT(18.0,0.0,~3)

CALL MPLOTS(XX,DATA,IPCINT,IVAR,IOPT,XSCALE,YSCALE)
DO 996 J=1,HYR

DATA (1,J) =H3S (J)

DATA (2,J) =DBS {J)

DATA (3,J) =ViIB (J)

IP (DATA (3,J) .EQ.0.0) DATA (3,J)=DEELT

996 CONTINUE

CALL PLOT (18.0,0.0,~-3)

CALL MPLOTS (XX,DATA,IPCINT,IVAR,10PT,XSCALE,YSCALE)
1VAR=2

DO 995 J=1,NYR

DATA (1,J0) =3LMAX (J)

995 DATA(2,J) =BASUM (J)

CALL PLOT{18.0,0.0,~3)

CALL 3YPLOTS(XX,DATA,LPCINT,IVAN,IOPT,XSCALE,YSCALE)
IVAR=}

DO 994 J=1,NYR

DATA (1,J)=5URY (J)

DATA (2,J) =% (J)

DATA(3,9)=VH (J)

IF (DATA (2,J0) «£EQ.0.0) DATA (2,J) =DEFLT

LF (DATA(3,J) .LB.0.0) DATA(},d) *0.0001

394 CINTINDE

CALL PLOT(18.0,0.0,-3)

CALL 9PLOTS (XX,DATA,IPCINT,IVAR,TOPT,XSCALE, YSCALE)

PORMAT (13F5. 1)

FORMAT (3$5.3)

FORMAT (2PR. 5,5F8.4)

FORMAT (12,P3.0,13,11)

FORRAT (273.3,13)

FORMAT (312)

FOHMAT (101 3)

FORMAT (cF4.2)

FORMAT (13)

27 FURMAT(213,1h)

20 FORMAT (2FB.5,2F8.3)

101 FORMAT(*1°,50X, " INITIAL STANC LATA'//31X, ' HEIGHT,dX, DBH', 7X,'3A3
1.AR°,6X,*VOLURE® ,7X,*AGE*/)

102 FORMAT(32X,Pu, 1,8X,Fucl, 71X, F5.0,74,P64,7X,13)

103 FORMAT (F6.0)

104 FORMAT(////782X,*THINNING OPTICRS FOR THIS RUNY//17X,'#ssesssas
199260000 60000008 ““l‘.‘.“‘ll.‘l“.'/
237K, P40 15K, 080, 11X, P et 15X, e 0 /37X, 9%, 3X, " NTHIN =¢,12,3K,%*,2K,
BUNTH =9,12,2X,"%¢,3X, "ATHIN =2*,12,3X,'® /737X, %% 155,984 ,11K, 8900,
“151,"'/37‘, '..‘.“‘."..“..‘U‘O.‘.“‘.‘O.“...“.‘...‘.0')

105 FORMAT(//S1X,*NTHIN = O FREE RESPONSE MODEL?'/S8X,'- Y THIN TREES
ZULTH HIGH BMOKTALITY HISK®/58X,*= 2 THIN TO PRESCHIBED sASAL AREBA
3PRR 0.1 ACHE'/63X,'BY REMOVING TREES OF PROGRESSIVEBLY LAKGEJ B=A,
4/58X,%= 3 THIN TO PRESCRIEEL BASAL AREA PER 0.1 ACRE'/61X,*BY REM
SOVING TREES OF PROGRESSIVELY LARGER VOLUAE'//SUX,*MTH = 1 &EBOYVE
6TREES ) 1.5 #. IN HEIGHT*//51X,'RTHIN = ~ OF THIWNIWGS REQUIRL.
7¢//51%,NPREQ = YEARS IN WHICH THINNINGS REQUIRED®//S50X,°BAKEY
8= PRESCRIBED BASAL ABEA (SQ.CNS.)?)

-
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106 PORMAT (39X, ®*,30X,"'*'/39K,*** 2X,"NFREQ =*,13,5X, 'BAREYQ =*,P7,0,
1 SQ-CHS l/j()x'0‘.‘...t00‘0'00..........“0‘....0......‘.!)

111 FORMAT(*1¢,40X,'GROWTH DATA FOR YEAR',Id/12X,°# SEEDS =',P8.0,61,
1LITTER ¥T. =*,PF5.0,°'GAS.*,6X,"GRASS WT. =*,P5.0,'GRS.",6X,*% BOAN
2=',I4,6X,'s» GERM. =',P5.2// o
38X, 'TREE #°*,5X,* HEIGHT',5X, " LBH®,5X,"BAS. AK.*,4X,°VOLURE® ,4X,*'VOLL
4NCT,3X, *CROWN' ,5X,*LEAF?,6X, 'SUM LA®*,5X,'LIGHT®* /20X, (N.) *,5X,* (C
55) 9 ,8X, ¢ (5Q.CB) ", 4X, (CU.M)*,6X,? (CU.M)®,4X, HT. (¥)*,4X, AREA?,6X, W
6 (5o ) ,5X, *LEVEL! ,7X, AGE" ) q

194 FORMAT (13) :

195 FORMAT (37X,'®' ,3BX, %% /39X, % 2X,*THIN 1¥ YBAR®,13,2X,°T0*,1S5,°*

1 STENMS .l/]gx".....t.t.tt....t........‘..#...t.t.t.....')

112 CIHRTINUE

STOP

END

BLOCK DATA

COMMON /BORNA/FECU(13) ,STRUC (13) ,NAGE (1000) ,ALITT (50) ,FNAX,FPHIN

COMHON /MOKRTA/PVEC(3) ,MORT (800) , VMORT (50) ,BNORT {50) ,XDEAD,NADUL

COMMON /SEEDA/HSLED (9) ,SSELD {9) ,VCOEF (50) ,GuASS (50) ,SEBDP (59)

CONXON /COEFF/AO,A1,B2,B3,C1,C2,D1,D2,?1,F2,F3,G1,G2

DATA FECY/0.0,0.0,0.0,0.0,0.1,0.8,5.5,40.0,175.0,500.0,1000.,
¢ 2000.0,4000,0/

DATA PVEC/.92,0.93,0.93/,HSERD/0.25,0.31,0.69,0.75,0.75,1.0,1.25,
¢ 1,0,1.0/

DATA $SEED/U.1,0.15,0.35,06.7¢,1.20,1.80,1.30, 1.90,1.80/

DATA AO/0 .04No7/,A1/0.00044,,82/126.52/,83/%.265/

DATA VCOBV/1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.041.0,1.0,1.0,1.
* ,1.09,1.25,1.40,1.60,1.75,1.87,1.99,2.10,2.20,2:29,2.38,2.48,2.5
* ,2.03,2.78,4.88,2.98,3.08,3.18,3.2068,3.36,3.04,3.56,3.606,3.74,3.75
* ,3.75,3.75,3.75,3.75,3.75,3.75,3.75,3.75,3.75,3.75/

DATA D1/0.1/,D2/1.0/,P1/0.6723/,F2/70.0020/,F3,0.0014/,61/500.0/

DATA 62/150.0/

END

SUBROUTIKE STAGES (NYR)

SUBROUTIME 10 GROUP TREES INTO SIZE=CLASSES.

COMKON /LGRRA/PECU(13),STRUC (13) ,NAGE(1000) ,ALITT (50) , FNAX,PRIN
CUNNON /HDATA/H (1000) ,DEH (1000) ,VOL (1000) ,VINC (1000) , BA (1000) , %7
DO 10 R=1,13
10 STRUC () =0.0
J=0
11 J=d¢1
LP (il {J) «uF. 1.5) GOTO 20
1F (H{J) oL T« 0.5) STRUC (1) =STRUC (1) ¢1.
IF (H(J)aGEOeS.AND.H(J) o LT 1.0) STRUC (2) =STRUC (2) * 1,
TP {H(J) .GE.1.0) STRUC (3) =STRLC (3) #1.
GUTO 40
«0 IF (BA(J).GE.400,)GOTO 30
TP(BA(JI) <LTe 25.) STRUC (4) =STRULC (4) ¢V,
TP (BA(J)«GEa25.0.AND.BA{J)oLT.50.) STRUC (5) =STRUC (5)+1.
TP (BA (J).GB.50. 0, AND.BA (J) .L7.100.) STRUC (6) *S5TRUC(6) + 1.
IF (BA{J)-GE.100.0.AND.EA(J) «17.200.) STRUC {7) sSTRUC(T7) + 1.
IF (BA (J) «GE.200.) STRUC (8) =5TRUC(8) o 1.
GoTO ©0
30 LP (BA(J) LT.600.)STRUC(9)=5TRUC(I) *1,
TF(BA(J) «GE.600.0,AND. BA (J) . 1T.800.) STRUC (10) sSTAUC (10) * 1,
[P (BA(J).GE.800.0.AND.EA(J)«L1T.1000.)STHUC(11)=5PRUC (1)) *1,
TF(BA ()« GE. 100U, 0. ABD . EA (J) .LT. 1400) STRUC (12) =STAUC (12) # 1,
1F (BA (J) «GE.1400.) STRUC (13) = STRUC (13) ¢ 1.
40 CONTINUE
IF(J.LTJNT)G0TO 11
RETUicN
END
SUBKOUTINE LEAP(SUBLA,NYK)
CuNNUN /HDATA/N (1000) ,DBH(10C0) ,VOL (1000) , VINC (1000) ,BA (1000) ,NT
CORRUN /GHOWA/SLA (10U0) ,AL {1000) ,ELA (1000) ,CL(1000) , BASUS (50)
CUNROY /COEPP/AO, AV, 1u2,03,C1,C2,D1,02,F1,72,03,61,62

CALCULATE ESTIMATED LEAER AHEA

BASUM (NYB)=0.0
" SUMLA=0.0
1=0
19 I=141
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ELA (1)=0.1

IF(H(I).LE. 1.5)GOTO 20
ELA (L) =D1%BA (1) **D2
BASUS (NYR) =BASUN (NYR) +BA {I)
SUBLA=SUNMLA®ELA (I)

IP (I.LT.NT) GOTO 1Y -
RETURY

END

SUBRGUIINE BIRTH (MAYR,NYR,SUELA)

SUBROUTINE TO PRODUCE NEw TKEES

COMNMON /BORNA/FECU(13) ,STRUC (13) ,MAGE (1000) ,ALITT (S0) ,FHAX, PRIN
COMMON /HDATA/H (1000) ,DBH(10€0),VOL (1000) ,VINC (1000) ,BA (1000) ,NT
COJKON /GROWA/SLA (1000) ,AL (1000) ,ELA(1000) ,CL (1000) ,BASUN (50)
COARON /SLEDA/HSEED (9) ,SSLED (9) ,VCOEF (50) ,GRASS (50) ,SELDP (50)
CORNON /GERNA/NBORN (50) ,GEaN (50) , SLITE (50)

COMMON /COEFF/AO,A1,B2,B3,C1,02,01,02,F1,F2,F3,61,62

DUNT=0.0

DO 5 I=9,13

DOAT=DOMT+5TRUC (I)

CALCULATE LITTEs ANC GRMSS WELIGHTS FOR GERAINATION EQUATION

N3ORN (NYR) =0

SLITE (NYH) =EXP (- SUKLA/1720.)

GRASS (NYK) =30.47+91.0%SLITE (KYR)

IF (NYR.EQ. 1) GHASS (NYK) 215.0

IP (NYR.EQ.2) GRASS (NYR) = 50.0

ALTIT (NYR)=(16,82040.01337¢BASUB(NYR) +2.5191¢ (PLOAT (#AYH))
1 +6.515¢DONT)

CALCNLATE SELD PRODLCTICN

SEED=0.0

SLEDP (NY R) =0.

DO 10 A=1,13

IF (STAUC (M) .LT.1.)GOTO 9
SEED=PECU (M) *STRUC (N)
SEEDP (FY k) SSEEDP (NYR) ¢SEED
CONTINUE

CONTTNUE

CALCULATE GEKMINATICN

GRLT= (GRASS (NYR) *ALTTIT (N1B)) £10000.0

I7 (GRLT.LT.1.0)A=5.0

IF (GRLT.LT.1.0)$=0. 8

IFP(GRLT.GE. 1. 0) A=50.0

IP(GRLT.GE. Y.0)S$5=3.2

BORN=SEEDP (NYR) ® (5. 3b- (23.J4*SLITE (NYR)) *» (209.8*SLITE(NYK) ¢82,)
-(192.06*SLITF(NYR)*%3)) * (A*GRLT*EXP (-GRLT®S))*0.001

BORN=BORN® (100.0~ (95.0/ (1.0¢EXP (4.8-0.00076*BASUN (BYK)))))/100.0
¥UORN (NYR) =KUORN (NYR) ¢IF1X (BCRN)
IF (BOHN.LT.3,)GOTO 11

GERM (NYit) =(BORN/SEEDP {(NYR) ) 9100,

GOTO 12

GERM (NYR) =0, 0

CONTIMNUE

RETHURN

END

SOBRINTINE GROW(MTREE,NYR,IX,PRINT, PKT)

SUBHOUTINE TO GROw THEES

DIAENSION 4TREL (1000)

UIMENSIOK (OLD (1000)

CONNON /OURNA/FECU(13) ,STRUC {13) ,NAGE(1000) , ALITI (50) , PRAX,PAIN
CORMON /HDATA/U (1000) , DBH (10C0), VOL (1000) ,¥YIHC (1000) ,BA (31Q0U) ,NT
COMMON /GROWA/SLA (1000) ,AL (1800) ,ELA(1000),CL (1000) , BASUN (5V)
CORMUN /MONTA/PVEC (3) ,NORT (8CU) , VHOKT (50) , BROBT (50) , KDEAD, NADUL
CONNON /SEEDA/HSEED (9) ,SSFED (9) ,VCORF (50) ,GRASS (50) , SEEDP (5V)
CONRON /SUNMA/HBS (50) ,DBS (50) ,VUB (50) ,SLNAX (S0) , SURV (50)

COMMON /COEPF/AO,AY,B2,83,C1,C2,D1,D2,FV,P2,93,G1,G2

17 (NT.EC.0) RETURN



ann

oo

ooOa

342

IF(NYR.EQ. 1) GOTO 11
K=0
10 K=K¢1
HOLD (K) =H (K)
SLA(X)=0.0 -
IF (K. LT.NT)GOTO 10
11 CUNTINUE
J=0
9 J=J¢1
XLA=0. .
IP(NYR.EQ.1) GOTO 13
KILL=0
DO 12 KL=1,KDEAD
12 IF (NTREE (J). By BORT (KL) ) KILL=1
IP(KILL.EQ.1)GOTO 24

13 LAKGE=Q
I=0
14 1=1+¢1

IF(H(I) .GT.H{J)) LARGE=LAKGE#
IP(I.LT.NT) GOTO 14

CALCULATE CROWN LENGTH

I=0
8 I=I¢1

KTT=0

IF(H(T) «LE.2.0)GOTO 15

KTT=KTT+1

CL(I) = (P1-#2% (PLOAT (KTT) ) ~F3 % (FLOAT (NYR) ) ) *H([)

GOTO 17
15 CL(I)=0.67%H (I)
17 CONTINUE

1P (I.LT.8T)GOTO 8

CALCULATE THE TOTAL LEAF AREA OF ALL HIGHE:X TREES

1=0
13 I=Te1
IP(H(T).LT.1.5)ELA(I)=0.1
LF (I.EQ.J)GOTO 22
1F (HOLD (1) =H (J) - GE.CL(I)) GUTO 21
IF (HOLD (1) «GT.H (J))SLA (J)=XLA¢ (((HOLD (I)-H(J))/CL(I))®ELA(L))
GoTo 22
21 12 (HOLD (I)«GT.H(J))SLA (J)=ELA(I) +XLA
22 XLA=SLA(J)
TF(L.LT.¥T) GUTO 1Y
IP(SLA(J) .EQ.0.0)GOTO 3¢
IF (SLA(J).GT.4300.)SLA(J)=43C0.
AL (J) =EXP (=SLA (J) /1720.)
GuTo 33
32 AL(J) =1.0
33 CONTINUE

CALCULATE GROWTH OF MATCHE THAEES

VOLD=VOL (1)
FF=0.40

HAL22,26% (1,-EXP (~1.136% (AL (J)-0.080)))

IF (H(J).LT.1.5)GOTu 23
IF (KAGE(J) .LT.10) G=GI

IF (NASE (J) . GF. 10) 6=G2

CC=(137.+0.25%B2%%2/B3)* (0.5%82/B3)

DEST=GSDBH (J) * (1.0~ (137.*CBH (J) *B2*DLH (J) **2- D3* DbH (J) **3) /CC) / (27
14.+¢3, #B2*DBH (J)-4.*B3*DBH (J) ##2) *RAL

DBLG=0.0

D5TD=0.20 ‘

CALL GAUSS(IX,DSTD, DBLG,DILOG)

DINC=DEST* {10.0%*DILOG)

DOH (J) =DBH (J) +DINC

BA () =(((DBH (J)}/2.) **2) *3.1416)

HEST=0.60%DINC*®0.60

CH(J) =H (J) $HEST

VOL (3) = (BA(J) *0.0001) *H (J) *FF

VINC (J) =VOL (J) -VOLD

GUTO 28
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)
CALCULATE GHOVTH OF SEELLINGS (~1.5M. IN HT.)

23 MAGE=MNAGE (J)
HBAR=HSEED (AAGE)
SIGN=USEED (NAGE) /4.0
CALL GAUSS(IX,SIGM,HBAR,T)
H{(J)=H (J) ¢ (T*AL(J))
IP(H(J).LT.1.5)GOTU 24
OBH (J)=2.0
BA(J)=(((UBH(J) /2.) **2)*3.1416)
VOL(J) = (BA(3)%0.0001) *H (J) *F§
VINC (J) =VOL (J) -VOLD
24 CONTINUE
IP(J.LT.NT)GOTO 9
NLIVE=NT
J=0
19 J=J+1
nB=0
IF(KDEAD.EQ.0) GOTO 26
DO 25 JNM=1,KDEAD
25 IF(MTREE(J).EQ.MORT (JHM))ME=1
IF (MB) 26,26,27
27 NLIVE=NLIVE-1
IP{PKT.LT.2RINT) GUTO 28
WRITE (6, 3) NTREE (J)
60TO 28
26 TP(PKT.LT.PRINT)GOTOD 28
WRITE (6,2) NTREE(J) ,H(J),LBH(J),BA(J),VCOL (J),VINC (3),CL(J) LELA(J),
1SLA (J) ,AL{J) ,NAGE (J)
28 CONTINUE
IP(J.LT.NT)GOTO 19
CONV=35,. 31373
SLMAX (NYB)=0.0
SASUM (NYR)=0.0
DS (NYR) =0,
DDSN=0,
#35 (NYR) =0.
HBSHM=0.
NADUL=0
VIB(NYR) =0.0
J=9
30 J=J+1
IF (Disti (J) . 1LT.10.0)GOTO 29
VIS {1YR) =VUB (NYR) # (U.00001185*DBH (J) **3.024)
29 CONTINUE
TP(J.LT.NT) GOTO 130
VUBFT=YUB (NYR) *CONY
KK=0
31 KK=KKe1
D33 (NYR) =DBS (NYR) ¢DBH (KK)
HAS (NYR) =HBS (NYH) ¢H (KK)
IP{DBH(KK) +GT.10.) DBSE=DBSM+LEH (KK)
IF (DBM (KK) . GT. 10, ) HBSE=HUSN*H (KK)
1F (DBU{KK) «GTs 10.) NADUL=NADUL +1
SLMAK (NYR) =SLMAK (NYR) $ELA (KK)
BASUM (NYR) =BASUN (NYR) +BA (KK)
IF (KK, LT. NT) GOTO 31
SRV (XYR) =FLOAT (NLIVE) /JFPLOAT (NT) *100.
SLPT=SLMAX (NYR) /0.305%+2
BAFT=3ASUM (NYR) /930,
IF (NLIVE.EQ.0) GOTO 35
D335 (NYR)=DBS (NYR) /NLIVE
HBS (NYR) =HBS (BYk) /KLIVE
TP (MADUL) 35,35, 34
34 DBSE=DBSM/NADUL
HISM=HBSA/NADUL
35 CONTINUE
WRITE (7,115) NYR, NLIVE, SURV (NYR) , HBS (NYR) ,DBS (NYR) , SLAAK (NYN) ,
* BASUN (KYR) ,VUB (XYR)
115 FORBAT(13,I4,3r7.1,P5.2,F9.1,F10.3)
TF (PKT.LT.PRLNT) GOTO 36
ARITE (6,4) NYR,NLIVE,SURV (NYR) ,NADUL,HBS (NYR) ,LBS (RYR) , HBSH, DBSY,
1 SLMAX (KYR) ,SLPT,BASUN (NYR) ,EAFT,VUB(NYR),VUBPT
KK=1
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36 CONTINUE ,

2 FORMAT(10X,13,7X,F4.1,6X,P4.1,5K,P5.0,5K,Pb.4,4X,F6.5,5X,F4.1,5K,F
14.0,6%,F7.1,51,F6.3,7x,13)

3 FORMAT (10X, 13,42X,'DEAD®)

4 FORMAT (*1'//30X, 'SURBARY STAYISTICS FOR GROWTH DATA IN YEAR',IN//
133X,'¢ THEES ALIVE AT START CF YEAR, =',[4/47X,*PERCENT SURVIVAL
2=V ,F5.1/35X, '8 ADULTS (THEES >10 CHS.DBH) =*,14//40X,'MEAN HEIGH.
3 (ALL TREES) =',P5.7, *M.'/43X,'MEAN DsH (ALL TREES) =',P5.%1,' C
4MS.*/33X,*MEAN HEIGHT (TREES >10CMS.DBH) =',P5.1,' K.?/36X, "HEAN
SDBH (CREES >10CMS.DBH) =*,FS.7," CMS.'//46X,'TOTAL NEEDLE AREA
6 *,F7.0,' 5Q.8.1/65X,'2¢,F7.0,* SQ.PT.'//47X,9TOTAL BASAL ANEA =¢
7,77.0,' SQ.CHS.?'/65X,* =" ,F7.2,* SQ.PT.'//42X,'BsT. UNDERBARK VOLI4
8E =!,P7.3," CU.K.*"/65%,'=',F7.1,% CU.PT, "))

RETURN
END
SUBROUTINE MOKTAL (ATREE,NYR, IX,PRINT,PKT)

ol o

SUSROUTINE TO ASSIGN MORTALITY BETWEEN INDIVIDUAL TREZ3

DIMENSLON WTHREE (1000)

COMMON /HDATA/H (1000) ,DBH (1000) ,VOL(1000) ,VINC (1000) ,BA{1000) ,NT
CONMON /SEEDA/HSELD(9) ,SSEEC (9) ,VCOEP (50) ,GRASS (50),SEEDP (50)
COKMON /BORNA/PECU (13) ,STRUC (13) ,NAGE(1000) ,ALITT (50) ,FHAX,PHIN
CONMON /MORTA/PVEC(3) ,MORT (BCO) , VMORT (50) , EMORT (50) , KDEAD, $ADUL
CONBON /GROWA/SLA{1000) , AL {1000) ,ELA(1000),CL (1000), BASUN (50)
CONNON /MORTB/VE (50), BN (50)

CONSON /CUEPF/A0,A1,B2,B3,C1,¢2,D1,D2,F1,F2,F3,G1,32

INITIALISE COUNTERS

[sXsNe]

IFP(NYR.NE.1)GOTO 8
VA (NYR) =0.
SR (MY H) =0,
no .7 1=1,800
7 MORT (1)=0
3 K=0
KOUNT=MNYR
IF(PKT.LT.PRINT)GUTO 9
VRITE (6,3) 8Yh
9 ID=0
¥=0
99 =N+
MCULL =0
DO 10 JK=1,KDEAD
10 IF (NTHEE (M).EQ.MORT (JK))MCULL=1
IP(MCULLLEQ. 1) GUTC 100

TREELS OIVIDED INTO JUVENILES AND ADULLS, JIVENILE MOBTALITY
ASSLGNED wANDUMLY, ACULT MOKTALITY HASEL CN VOLUME INCHEMENT

(ol ol o ¢

IP (H (N).GE. 1,5)GOTO 40
CALL RANDU(IX,IY,¥FL)
IX=1Y

I (H(N) «GTa0.5) sUi0 20
Y1=PVEC (1) *AL (N)

1P (YFL.GT.Y1)GUTO 50
GOTO 100

20 LP(H(N).GT.1.0)GUTO 30
CALL RANDU(IX,IY,YFL)
Y2=PVEC (2) *AL (N)
1P (YPL.GT, Y2) GOTO 50
GOTO 100

30 CALL RANDU{IX,IY,YFL)
¥ 3=PVEC (1) #AL {¥)
TP(YFL.GT.Y3)GOTO 50
GUTO 100 .

40 JAGE=NAGE(R)
VCON=VINC(N) #1000000.0/VCOEF (JAGE)
PAOKT=A0®RXP (-A 14VCON)
CALL RANDU(IX,IY,YFL)
IX=1Y
IF {YPL.GT.PNONT) GUTO 100

50 K=Ke1
c .
c CALL SUBROUTINE TN REMOVE DEAD TREES
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CALL LIST (MTMEE,N,KOUNT,NYR,3D,PRINT,PXT)
KOUNT=KOUNT+1

CONTINUE '

I? (¥.L1T.NT) GUTU Y9
VM (NYR) =VH (NYR) ¢ YNOKT (NYR) w

B3 (NYR)=BH (WY R) ¢ BRURT (NYB)

WRITE(7,116) KDEAD,K,VAORT (NYF) ,BMORT (MYR) ,VA(NYR) , DA (RYR)

FORMAT (214,P9.5,F9.0,F10.5,F11.0)

IP (PKT.LT.PRINT) RETUKMN

L¥ (PKT.EQ.PRINT) PKT=0.

WRITE (6,1) NYR
WRITE (6,2) KDEAD,K,VNORT (N YR) ,5MORT (NYR) , VN (NYR) , DA (NYH)

PORMAT{/////30%, *SUNBARY STATISTICS FOR HORTALITY IN YEAK',14//)

FORMAT (40X,"CUM. ¢ TREES DEAL=¢,I4/40X,'¢ DYING IN CURRENT YR=",I4
1/40%,'VOLUME DEAD IN CUKRENT YR=*,F8.4,' CU.H.'/

2 40X,"5. AREA DEAD IN CURRENT YR=',F8.0,' SU.CH.'/
3 4UX,'TOTAL VOLUME DEAD=',F8.4,% CU. M./
4 4OX,'TOTAL B.AREA DEAD=',P8.0,' SQ.CH.')

FORMAT (*19,40X,* INDIVIDUAL THREE MORTALITY FOR YEAR',I4//5%,'THEE =
11,10X, VHEIGHT (M.) ',8X,* DBH (CMS.)*,0X,*BASAL AREA(SQ.CHS.)',u4X,'V
20LUNE (CU.M.) * ,3X,'VINC(CU.N.) "))

HETURK

END

SUBROUTINE GAUSS (IX,5,AX,V)

SUBROUTINE TO CALCULATE A NORHAL BANDCH WUMBER

A=0.0

DO 50I=1,12

CALL RANDU(IX,IY,Y)

IL=I%

AsAey

V= (A-6.0)%5¢AN

RETURN

END

SUBROUTINE RANDU(IX,I1Y,YFL)

SUBROUTINE TO CALCULATE A DNIPORM RANDCH NUUMOEN

I¥=TX*65539

IF (1Y)5,6,6
IY=1Ye¢2147483047¢1

YPL=IY

YFL=YPL®.4bS6h13E-9

LETURN

END

SUBROUTINE LIST (MTHEE, J,KCUNT,NYR,ID, PRINT,PK)

DIMENSION MTKEE (1000)

COMBON /BORNA/EFECU(13) ,STRUC (13) ,NAGE (100U) (ALITT (50) ,FNAX,FNIN
COMMON /HDATA/H (1000) , DBH(10C0) , VOL (1000} ,VLIKC (1000) ,is4 (1000) ,NT
CORMON /GHOWA/SLA(1000) ,AL(1000) ,ELA {1000) ,CL (1000)

COMMON /MOBTA/PVEC (3}, MOKT (800) , VNORT (50) , ESORT (S50) , KDEAD,NADUL
COMMON /THINA/AA (1000) ,22(1CC0) ,VTHIN(SO), BTHIN{S0) , K

SUBROUTTNE TU REMOVE FECM THE DATA FILE TREES CULLED BY NONT
INFUT VARLABLES
MTREE = VECTOR OF TKEE NUMBERS
J = TREE TQ EX REMOVED
KOUNT = YR. COURTER IN LIST
NYR = YK, COUNTER IN AALN PROGRAM

" LF (KOUNT.NE.NYK) GUTO 20

20

21

22
23

NK=0

CONTINUE

1Y=0

DU 21 IZ=%Y,KDEAD
IP(MTREE(J) .EQ.AORT(IZ)) T Y=
IP(1Y.Ey.1)SETURN :
IF(PK.LT.PRINT)GOTO L2

WRITE (6,2) RTREE(J}, R (J) ,DBH(J) ,BA{J),VOL (J) , VINC {J)
IP(ID)23,23,24

VNONKT (NY R) *VHORT (MYR) ¢VOUL (J)
BHORT (NYR) =BRORT (KYR) ¢BA (J)
GOTO 25
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24 VITHEN (NYR) =VTHIN (NY &) ¢VOL (J) *
BIHIN (MYR) =BTHIN (NYR) ¢+BA (J)
25 IF (H(J).GT.1.5) NADUL=NADUL#1
NK=NK+1 .
KDEAD=KDEAD® 1
NOKT (KDEAD) =NTREE (J} .

o

H{J) =0.
DUH (J) =0.0
BA (J) =0.0
VOL (J) =0.0
VING (J) =0.0
CL{(J)=0.0
ELA (J) =0.0
NAGE (J) =0

SET DATA FIELDS OF DEAD TREES EQUAL TC ZERO

2 FORMAT (oX,13,13X,F5.2,14%,75.0,17%,F5.0,15X,F7,4,8X,P06.5)

RETURN
END

SUBROUTINE THIN(MIWEE,NTHIN, EAREQ, NTREG, NYR,PHINT, PKT)

DIMENSION MTREE(1000),N1REG(50) ,BARE((50)

CUMNON /HDATA/H(1000), DBH (1060) ,VOL {1000) ,VINC (1000) ,BA(100U) ,NT
CUNMON /GaO#A/SLA(1000) ,AL (1€00) ,ELA(1000) ,CL (1000) , BASUK (5J)
COHNON /MORTA/PVEC(3) ,NORT (8C0) , VMORT {50) , EHORT (50) , KDEAD, WADUL
COMMON /THINA/AA (1000) ,22(10C0) , VIHIN(50), BTHIN (S0) ,NK

c THINNING OPTICNS
19=1
KP=0
KOUNT =N Y K
WAITE (6,3) NYR
12 IP(NTHIN=-1)52,32,40
32 IF(BASUB(NYR).LE.BAREY (NYR)) COTO 52
THK=0
1JK=1
CALL SORT (MTREE, INK,IJK)
JK=0
33 JK=JKe1
DO 34 I=1,KDEAD
34 IP(AA(JIK) .EQ.FLOAT (FORT (1))) L=
IF (LN.EGC. 1) GOTO 35
DASUN (NYR) =BASUB (NYR) ~AA (JK)
L4=1PTX (22 (JK))
KUUNT=KOUNT+ 1
CALL LIST(ATREE,IZ,KOUNT,NYE,ID,PRINT, PKT)
1F (BASUN (NYR) . LE.BAREQ (NYB)) GCTO 3Jb
35 IP(JK.LT.NT)GUTO 33
36 TJK=0
CALL SORT(MTREE, IHK, 1JK)
GOTO 52

40 IF(NT.LE.NTREG(NYEK))GOTO 52
14K=0 ’
13K=1
CALL SORT (MI'KEE, ILiK, [JK)
JK=0
4y JK=JKe1
29 42 1=Y,KDEAD
82 IP (22 {JK) .Ey. FLOAT (RORT (1)) )L8=1
IF(LW.Ey. 1) GOTO 43
I1Z=IFIX (4% (JX))
NT=NT-1
KOUNT=KOUNT# 1
CALL LIST(STREE,1Z,KJUNT,NYR,ID,PsINT,PKT)
1P (NT.LE.NTREU (NYB) ) GOTO bu
43 IP (JK.LT.NT)GOTO M1
M4 TJIR=D
CALL SOMT(NTREE, IHK,1JK)
52 CONTINUE
WRITE (6, 1) NYR
WHITE (6,2) KDEAD,NK,VTHAN (NYF),BTHIN (NYR)

1 FORBAT(/////30X,*SUARARY STATISTICS FOR THINNING

IN YEAR®,LI4//)

2 FORRAT(UOX,*CUR. ¢ THEES DEAL=',I4/40X,'s THINNED I¥ CURRENT YRe*,
1I4,/840%,* VOLUNME THINNED IN CURRENT Y&=',Pu.4/40X,°BA THIWNED IN (VU
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2LRENT Yk=',P8.0)

PORMAT (*1°,40X,* INDIVIDUAL THEES THINNED IN YEAR®, I4/5K, °‘TREE
1°,10X,* HEIGHT(M.) *,8X,* LBH (CMS.)*,6X,*BASAL AREA(SQ.CHS.)',4X,'V
20LUME (CU.M.) *, 3X, ' VINC (CU.N. )" )

RETURN o

END

SUBROUTINE SORT (MTHEE, IHK, 1JK) .

DIMENSION MTREE(1000)

COMMOB /HDATA/H (1000) ,DBH(1040) ,YOL {1000) ,VLINC (1000) ,BA (1000) ,NT

COMMON /THINA/AA (1000) ,2Z(10C0) ,VTHIN(50) ,BTRI¥ (50) , %K

SUDBOUTINKE RAMKS DATA INTIO ASCENDING ORDER.

INPUT VECTOR OPTIONS SFECIFIED IN SUBROUTINE THIN.

IHK=0 - SORT ON VARIABLE 8A
IHK=1 =~ SORT O¥ VARIABLE VINC
IJK=0 - SORT ON VARIABLE MTREE

AA AXD ZZ ARE RANKEL OUTPUT VECTORS.

TP (IJK.GT.0) GOTO 40
TP(INK.GT.0) GOTO 20
DO 10J=1,NT
AA(J) =FLOAT (NTREE(J) )
22 {J) =BA (J)
GOTO 80
DO 30 J=1,NT
AR (JJ) =PLOAT (HTHEE (J) )
12 (J) =VINC (J)
GOTO 30
IP (THK.EQ. 1) GCTO 650
DO S0 J=1,NT
AA(J) =DA (J)
22 (J) =FLOAT (NTKEE(J) )
3070 80
D9 70 J=1,NT
A (J) =VINC (J)
12(J) =PLOAT (ATREE (J))
CONTINUE
L=NT=1
DO 82 I=1,L
1L=T+1
DO 81 J=TL,NT
IP (AA(I) .LE.AA(J))GOTO 81
T1=AA(I)
A (I) =AA (1)
AA(J)=T1
AT1=24(T)
L2 (1) 222 (J)
72 (J) =AT1
CUNTINUE
CIONTINUEB
KETURN
END
SOBRQUTINE MPLOLS (XX,DATA, LPCINT, IVAR, IOPT, KSCALE, YSCALE)
TNTEGER XNAME (6) ,¥NANE(6) ,LAEEL(5,6) ,GRFNAM (6) ,TITLE (6)
DIMENSION DATA(S,103),XX (5,103)
DIMENSTON LPOKM (20),x(53),¥(%3)
10PT=0 NOARMAL X, Y SCALE
=1 LUGYIO X AKIS
=2 LOG10 Y AXIS
=3 LUGY0 X AND Y AXIS
IF (IPOTMT .Ey. 0 .Ou, IPGINT .GT. 100)GO TO 1
1¥ (IVAF .%Q. U .OB. IVAR .GT. 5) GO TO 1
IF (IOPT .GT. 3) GO 1O 1
IF (XSCALE .GT. 40.0) GO TO 1
IF (YSCALE .GT. 27.0) GU YO 1
CALL PLOTS
CALL OPEN
WRITE(6,111) IPOINT,IVAR,XSCALE, YSCALE
FORMAT (/,* NO. OF POINTS PER GRAPH:®,Y28,15,/,' WO. OF GHAPHS: ',
1  T28,15,/,* LENGTH OF X AXIS: *,T28,.r7.2,/,
2 ' LENGTH OF Y AXIS: *,T26,27.2,/)
NOPTaTOPT#1
GO TO (500,901,902,903) ,M0PT
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WRITE (6,910)

GO TO 904

WRITE(6,911)

GO TO 904

WRITE (6,912)

GO TO 904

WRITE (6,913)

CONTINUE

FORAAT (* NORMAL X,Y AXIS*)
FORMAT (* LOG TEN X AXIS')
FORMAT(* LOG TEN Y AXIS')
FORMAT(* LOG TEN X,Y AXIS')
READ(S, 103) XNAME,YNAME,TITLE
FOBNAT (6A4,0A4,6A4)

FORMAT (20A4)

WRITE(6,914) TITLE

FORMAT (/,"' TITLE OF PLOT 1S: ',6A4)
DO 10 I=1,IVAR

READ(5,102) (LABEL (L,K) ,K=1,6)
FORMAT (bA4)

WRITE (6, 104) (LABEL (I,K) ,K=1,6)
PORMAT (/,3X,0A4)

CONTINUE

DO 11 I=1,IVAR

D) 11 J=1,IPOINT

IF (DATA(I,Jd).1E.0.0)GOTIO 12
G0To 1

12 DATA(I,J)=0.1

40

50

30

117

20
1w

11 CONTINUE

ISHTCH=0

IF (IOPT .EQ. 1 .OB. IOPT.EU. 3) ISWTCH=1

CALL RANGE (XX, IVAR, IPOINT,XSCALE,XMIN,XHAX, ISWTCH, NCYCX)

ISWTCH=0
IP (IOPT .EQ. 2 .OR, IOPT .EQ. 3) ISNTCH=1

€ALL RANGE (DATA, IVAH,IPOINT, YSCALE,YNIN,YRAX, ISWECH, HCYCY)
INDEX=0

DO 30 I=1,IVAR

ILIA=IPOINT+3

D0 40 J=1,ILIN

X (J)=XX (I,J)

Y (J) =DATA(I,J)

D9 S50 KK=1,b

GRFNAM (KK) =LABEL (I,KK)

IP (INDEX .EQ. O) CALL GRAPH(X,Y,IPOINT,2,XSCALE,YSCALE,TITLE, 24,
1 XMAME,24,YNAME,26,20.0,%,3,GRENAM, 24, XHIN,XNAX, YNIN,YRAR,

2 TOPT,NCYCX,NCICY)

IF (INDEX .NE. 0) CALL GHAPHS(X,Y,IPOLNT,1,3,GKF8AN, 24)

INDEX=1
CALL CLOSE

RETIRN

WRITE (6,117) - 1PUINT, IVAK,IOPT,XSCALE, TSCALE

POAEAT (' CONTROL PARAMETEK(S) CUT OF RANGE',/,

* NO. UF POINTS PER GKAPHS: *,T28,15,/,

' NO. OF GHAPHS: ',T28,15,/,

¢ OPTIUN: ',T28,15,/,

* LENGTH OF x AXIS: ',Ti8,P10.5,/,

* LENGTH OF Y AXIS: ',T28,P10.5,/,
¢ se% JOB TERMINATED s8s¢)
N

E o o

v

RETUR
END
SUBROUTINE RANGE (DATA,IVAR,ITIME,SCALE,WRIN, VHAX,IOPT, NCYC)
DIMENSION SCRTCH (515) ,DATA{5,103),0UT (515)

WAIN=LATA(1,1)

EMAX=DATA (1,1)

LY 10 I=1,IVAR

DO 20 J=1,ITINE

IF (DATA(I,J) .LT. WEIE) WMIN=CATA(I,J)

LF (DATA(L,J) .GT. WMAX) WHAX=DATA(1,J)

CONTINUE

CONTINUE

IF. (IOPT .ME. 1) RETURM

WNAX=ALOG10 (WRAX)

WAIN=ALOG10 (WMIN)

RCYC=WHAX-WHIN®1,0

ILIN=ITINE+2
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DO 40 I=1,IVAR
DO 50 J=1,ILIN '
, K= (I-1) ¢ILINJ
50 SCRTCH (K) *DATA (1,J)
SCRTCH (K) =SCRTCH (K-2)
SCHTCH (K-~1) sSCRTCH (K~2)
40 CONTINUE
INO=ILIN®IVAK-2
CALL SCALG (SCRTCH,SCALE, INO, 1,0UT,NCYC)
DO 60 I=1,IVak
DO 70 J=1,ILIN
K= (I-1) $ILIN+J
70 DATA (I, J)=0UT (K)
DATA (I, ILIN) =OUT (INO¢2)
DATA(I,ILIN~1)=0UT (INO#1)
60 CONTINUE
RETURN
END
SUBROUTINE GRAPH(XI,YI,NDI,NAX,XL,¥YL,TITLE,LTITLE,XNANE,LONGXN,
1 YNANE,LONGYM,TICS,MCYCLE,LIKEI,GRFNAN,NAMLTH, XNIN, XNAX,YRIN,
2 YMAX,IOPT,RCYCX,NCICY)

¢ ¢sss SEVERAL MODIPICATIONS HAVE BEEN MADE TO A.S.J.'S ORIGINAL RO
C
C EXTRA ENTRY POINTS
Cc GRAPHS
C HIST
C HISTS
[ CPEN
C CLOSE
C
C GuNERAL DESCRIPTION
C THE SUUBROUTINE PLOTS SINGLE ¢’ SUPERIMPOSED GRAPHS aND
C HISTOGMANS, GRAPHS MAY HE STHAIGHI LINES OR FITTED CURVES
C GRAPHS AND HISTOGRANS MAY HAVS SYNBOLS OR NOT
[ CALL (UPEN) BEFORE ANY OTHER ROUTINES AND CALL (CLOSE)
C BEFORE STOPPING.
C
IHTZsER*4 NDI,ND,NAXIS,LONGXB,LONGYN NCYCLE,LINEG, NANLTH,LINE]
DLIMENSICN XI(103) ,YI(103),ISYN(S),
2 XD {2000),YD{2000),DATA(2000)
INTECER®Y TITLE(6) , XNAME (6) , YNAME(6) , bRPHAF(6)
LOGlCAL®*1 TOPEN/,FPALSE./,HGRAM, ELTONE
DATA IS¥YM/004,005,012,010,011/
[
C PWIDTH IS THe WIDTH CF THE PLOTTING FAPRR 1IN INCNES
C THE USER MUST CHANGE PWIDTH TO CONFORM TQ THE PAPER USED
DATA PWIDTH/30.U/
NAX L. i=NAX
IF(KAXIS.RE.O; GOTO 91
93 Wl (6,94)
94 POENAT (%~ s*e¢ss® KAXTS=0 IS INVALID IN GBAPH Of HIST wésssss)
RETURN
n PLYTGNE= PALSE,
GUTO 95
C
¢ ENTRY FOINT FOR SUPERINPOSED GHAPH
<

ENTRY GRAPHS (X1,YL,NDL,NCYCLE,LINEI,GRPNAN, NABLTH)
HAX1S=0
I” (.N0T. PLTONE) GUTO 95

90 WRITE (6,97)

97 FORMAT (*- %*s+%s GRAPHS Ok HISTS CALLED BEFORE ZITHER GRAPH OR HIS
2T dessese)
NETURN
C .
C TRANSFER GRAPH DATA TO MEW AR#AYS SO THAT ORIGINAL DATA
C IS5 NOT ALTERED
95 HhY 100 NDATA = 1,N8DI

X0 (NDATA) =XI (NDATA)
100 YD (NDATA)=YI (NUATA)
: ND=NDT
LINEG=LINEI
HGRAN=.FALSK.
GOTO 80
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ENTRY POINT FOR THE CCNSTRUCTION OF HISTOGHAMS

ENTRY HIST (XI,Y1,NDI,MAX,{L,YL,XNANE,LONGKN, YNAME,LONGYN
2 ,TICS,NCYCLE,LINEI,GRFNAN,NANLTH)

NAXTIS=NAX -
IP (NAXIS.EQ.0) GOTL 93
PLTONE=.FALSE.

s0TO0 75

ENTRY FOINT POR SUPEHIMPOSING HISTOGRAMS
ENTRY HISTS (XI,YI,WDI,NCYCLE,LINEI,GRFNAN,NANLTH)

NAXIS=20
IP (ELTCNE) GOTO 96 -
LINEG=LINEI

CALCULATE THE POINKYS FOR THE HISTOGRAMS.
CALCULATE THE FI§ST Z POINTS

XD (1) aXI (1) = (XTI (2)~XI (1)) /2.0

YD (1) =0.0

XD (2) =XD (1)

10 (2)=YI (1)

CALCULATE THE 2% (MC1-1) INTERMEDIATE PUINTS

ST=8DI-1

20 7 IH=1,NT

IH222%TH+

XD (LH2) =XI (IH) ¢ (XI(IH¢1) =XI (1H)) /2.0

Y0 (IK2) =YI(IH)

X (TH2¢1)=XD (IH2)

YD(LH2¢1) =YI (IH+1)

CALCULATE THE LAST 2 POINTS

ND=Z#NDI+42

XD(KD=1) =XI (NDI) + (XI (NDI) -XI {NDI-1}) /2.0

YO (ND-1) =YL (NDI)

XD (ND) =XD (ND=1)

YD (ND)=0.0

IF(LINEG.EQ.+2) GOTO 77

LINZG=+2

HGRAM=, TRUE.

GUTO 80

HGRAM=. FALSE.
IF (TOPEN) GOTO 81

WRITE (6,58)

FORMAT (*1%,//,% *¥*%s® OFEN RUST BE CALLED BEFORE ELTHEKM GRAPH,GHA
2PHS, HIST,HTSTS. CUKRENT KEQUEST SKIPEED #+#wwer)
KETURN

CTP(NAXIS.EQ.U) 6010 14

THE GRAPH UAGE CO-ORLINATES ARE CALCULATED AUTONATICALLY

IF ((YLHAE®e1,0¢¥YLes0nY) .LE. PHIDTH) GOTO 180

IF (YL..LE. {PWIDTIi-1.0)) GO TO 83

BHITE (6,42)

FUOKMAT (- ®®sees ¥ AXIS LENGTH .GT. PAPER WIDTH eeeeest/,)
RETURN

CALL PLOT (XLREF®2.0,1.0-5UN(,~3)

SINY=1.0

XLREP=0.0

YLREP=0.0
Goro 181

SET LOCAL ORIGIN FOR NEXT PLOT
CALL PLCT(0.0,YLHKEre1.0,-3)
SUNY=SUNY+YLKEF+1.0

_ SAVE THE LARGEST X AXIS LEWGTH IN CURRENP CROSS PAGE SET
IP(XL.GT.4ALREPF) XLREF=XL

SAVE THE YAXIS LENGTH POR USE IN LOCATING THE MNEXT ORIGIN
YLREF=YL
GUTO 2
"Izle1
IF (LOPT .NE. 1 .AND. IOPT .HME. 3) GO TO 15



15
16
916

17
18
9918

19

29

30

930
931

kR
¥3¢

32
33

roocoaoc.

250

36

37
38

351

XD (ND$RCYCLE+1) =XL (ND®NCYCLE+1)

XD ((ND*1) ¢HCYCLE*1) =XI ((ND+1) *NCYCLE#1)
GO TO 916

XD (ND®NCYCLE+1) =XAL¥

XD((ND#1) *NCYCLE+1) sXDELTA s
CONTINUE

IF (TOPT .NE. 2 .AND. IOPT .ME. 3) GC T0 17
YD (D*NCYCLE#1) =YI (ND*NCYCLE+1)
YO((ND#1)*NCYCLE#1) =YL ({ND¢1)*NCYCLE#1)
GO TO 9918

YD (RD®NCYCLE#1) =YNIN

YD((¥D+1) sMCYCLE+1) =YDELTA

CONTINUE

IF (NAXIS.EQ.2) GUTO 29

GOTO 3
I=1

XLEG=XL#1.0

XLEG2=XLEG+0.5

YLEG=6.0

TP (NAXTS.EQ.2) GOTO 50

CALL SCALE (xD,%L,ND,MCYCLE,TILS)

CALL SCALE (YD,YL,ND,NCYCLE,1ICS)
YNIN=YD (DS NCYCLE+1)

XMIN = XD(NDSNCYCLE+1)
XDELTA=XD( {MD+1) *NCYCLE+1)

YDELTA = YD ((ND+1)*NCYCLE+1)

GUTO 29

XDELTA = (XMAX-XMNIN) /XL
IDELTA = (YSAX-YMLN)/YL
G0 TO 915
CALL SYMBOL (XLEG,YLEG,0.15, 'LEGEND®,/®.0,6)
YLEG = YLEG-0.10
XNCYC=RCYCX
IF (IOPT.EQ.1.0R.I0OPT.EQ.3)GCTO 930
CALL AK1S (0.0,0.0,XNARE,~LCNGXN,XL,0.0,XNI¥,XDELTA,TICS)
GO TO 939
CALL LOGAX5(0.0,0.0,XNAME,~LCNGXN,XL,0.0,XMIN,*1.0,XNCYC)
XX=XL/4.0
YY=YL¢0.5
CALL SYPBUL (XX,YY,0.15,TITLE,0.0,LTITLE)
THCYCENCYCY
IF (IOPT.EQ.2.0R.IOPT.E(¢.3) GOTO 932
CALL AXIS (0.0,0.0,YNAME,LCNGYN,YL,90.0,YMIN,YDELTA,TICS)
GO TO 3
CALL LOUGAXS (0.0,0.0,YNANE,LCNGYN,YL,90.0,YNIN,+1.0,YNCYC)
TF(LINEG.GT.0) GOTO S
ND=-ND
LIREG=-LINEG
LINEG=LINEG=2
XND=IABS (ND)
CALL LINE (XD,YD,ND, NCYCLE,LINEG, ISYR(I))
IF (. NOT.HGRAM) GOTO 36

HLSTORANS ARE INITIALLY PLOTTED WITHOUT SYNuulLs,IF
SYMBOLS WERE RELUESTED THEN A CALL TO FLIKE WITH THE
GIVES POINTS XI ANL YL IN REVERSE ORDER AKD A REQUEST
FOR SYABOLS ONLY IS MADE.

SET UF THE AKRAY WITH BEVERSE ORDER POINTS.

TH2=NDI#1

DU 250 1H=1,NDI

XD(TH) =XI(1H2-1H)

YD{1H) =YI (1H2-IH)

HGRAM=,FALSE.

NAXIS=0
LINEG=e1

ND=NDI

GOTO 15

YLES = YLEG-0.25

IF (LIMEG.EQ.0) GOTO 386
_CALL SYRBOL (XLEG,YLEG,0.15,ISYA(I),0.0,-1)
CALL SYNUOL (XLEG2,YLEG,0.1,GRPNAN,0.0,NARLTH)
RETURN ‘
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ENTRY OPEN .

c
59 CALL PLOTS (DATA,8000) e
TOPEN=. TRUE.
WRITE(6,60)
50 PORMAT (1H1)
c
C MAKE SUBE THAT THE ORIGIN LS WHERE IT SHOULD BE
CALL PLOT(1.0,-0.5,-3)
C
c INITIALIZE THE PAGE CO-ORDINATES
C
XLREP=0.0
TLREP=0.0
SUMY=0.0
PLTONE=. TRUE.
RETURN
c
ENTRY CLOSE
C
CALL PLO. (0.0,0.0,999)
RETURN
END
/'

//GO. PLOTTER DD SYSOUT=(1,,8110),SPACE=(CYL, (2,1),HLSB)
//7GO.SYISTN DD ®
1 3541645
0 0 ¢ 0 1 8 €5 400 1750 5000100002000040000
850 930 950
0.04467 0,000844 126540 1265
0.1 1.0 0.6723 0.0020 0.0014500. 200.
S0 5 00
0 00
3.8 28.3 45
31.8  28.3 45
STAND AGE GERPINATION THREZ SEEDTREE; (#1)
SEED PHODUCTION
® BORN
% GERMIKATION
STAND AGE ENY IRONMENT THREE SEBDTREES (#1)
LITTER WT.
GEASS WT.
LIGHT LEVEL
STANL AGE Y1ELD 1 THREE SEEDTREES (#1)
MEAN HI.
AEAN D3l
VOL. UNDERUARK
STAND AGE YIELD 2 THREE SEEDTHRERS (#1)
NEEDLE AREA :
SUK BA
STAND AGE MOKTALITY THREE SERDTREES (#1)
SURVIVAL %
3A DEAD
VOL. DEAD
/‘

END--JUB 1458 ~ FORAS = § 0.15 - PROCESSING = § 0,35 #% 34 PAGES A



