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Subantarct ic forest ecology: case study of a coni ferous-broadleaved stand 
in Patagonia, Argentina 

A.Dezzotti. Asentamiento Universitario San Martin de los Andes. Universidad Nacional del Comahue. Pasaje 
de la Paz 235. 8370 S.M.Andes. Argentina. E-mail: cdezzott@uncoma.edu.ar. 

The temperate rainforests of southern South America are dominated by the tree genus Nothofagus 
(Nothofagaceae). In Argentina, at low and mid elevations between 38°-43°S, the mesic southern 
beech Nothofagus dbmbeyi ("coihue") forms mixed forests with the xeric cypress Austrocedrus 
chilensis ("cipres", Cupressaceae). A virgin, post-fire stand located on a dry, north-facing slope was 
examined regarding regeneration, population structures, and stand and tree growth. Inferences on 
community dynamics were made. Because of its lower density and higher growth rates, N.dombeyi 
constitutes widely spaced, big emergent trees of the stand. In 1860, both tree species began to 
colonize a heterogeneous site, following a fire that eliminated the original vegetation. This period 
lasted 60 to 70 years, after which recruitment ceased probably in response to canopy closure that 
resulted in the present even-aged, clustered adult tree populations. The build-up of the A.chilensis-
dominated mixed stand probably improved local moisture conditions, encouraging establishment of 
N.dombeyi seedlings, and resulting in the current-day stand structure: a sapling population 
dominated primarily by N.dombeyi, and a mature overstorey dominated primarily by A.chilensis. 
Due to the differences in abundance and growth of the regeneration between both species, N.dombeyi 
is expected to gradually become dominant or even completely replace A.chilensis. However, in the 
conifer the combination of a great longevity and a light-demanding temperament implies that 
frequent to very infrequent large-scale impacts would be sufficient to maintain its abundance in the 
site. These results, together with others described in literature, suggest that divergent development 
patterns occur in A.chilensis-N.dombeyi mixed stands, probably because these forests grow under a 
spatially varied environment and their responses vary consequently. 
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P R O P O S I T I O N S 

attached to the doctoral thesis 

" Suban t a r c t i c fores t e co logy : case s tudy of a c on i f e r ou s - b road l e aved 
s tand in P a t agon i a , A rgen t i n a " , 

by 

Alejandro Dezzotti. 

1) Although in overlapping parts of their territories Nothofagus dombeyi and Austrocedrus 
chilensis co-exist in the same sites, there is a clear niche differentiation in space and time 
between both species as a result of their contrasting life-histories. (This thesis). 

2) Conceptual models of the successional dynamics of Nothofagus-dommalei forests of the 
high-latitude region of South America are essential to prevent and correct vegetation 
management problems. (This thesis). 

3) "The rate of resource use is ultimately a social and economic decision within certain 
biological and physical constraints, so technical aspects of change in management practices 
do not accomplish the difficult task of deciding the balance between competing management 
objectives and value systems". FJ Swanson & JF Franklin. 1992. Ecological Applications 
2(3): 262-274. 

4) Despite the impressive scientific progress in products, the fundamental contribution of 
science to humankind is a philosophical position opposed to the search for absolute and 
permanent truth. 

5) Whereas Pinguinus impennis required millennia of complex and unknown processes to 
become a penguin of the northern Atlantic, on June 4, 1844, one person destroyed the last 
two individuals and the last egg in Iceland in a matter of minutes, leaving us poorer for 
eternity. 

6) During the last three million years mankind has broken up the boundaries imposed by the 
physical environment and colonised the planet without breaking up, however, the limits of 
its own cultural and religious prejudices. 

7) Each kind of monera, protist, fungus, plant, and animal has many very closely related 
species, Homo sapiens being the unique exception to this rule, a discrepancy the causes of 
which are insufficiently known and yet are elements essential to our knowledge. 

8) The fundamental answer to the question of why we must preserve biodiversity is not 
scientific but ethical. 

9) The general problem with definitions is well exemplified by "tree", a noun whose meaning 
can not be sharply defined. 

10) The language of the Athshian people of Ursula K.LeGuin (1972) is right when designating 
"world" and "forest" by the same word. 

Wageningen, June 7th, 2000 



The word for world is forest. 

U r s u l a K .Le Guin ( 1 9 7 2 ) . 

With love and gratitude 

to the memory of Claudio and Luis Dezzotti, 

to U s e , Marisol, and Luciana, 

and to my friends. 
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Abst rac t 

In the temperate rainforests of southern South America, the tree genus Nothofagus 
(Nothofagaceae) is the dominant one in extension and abundance on zonal soils at 
different latitudes and altitudes, as well as on intrazonal soils (e.g., wetlands) and azonal 
soils (e.g., morrenic and fluvioglacial deposits). Although great concern as to the global 
role of this biome is expressed today, the existing level of ecological knowledge of its 
functioning is still inadequate to design sound management to maintain or enhance 
forest values, services, and commodities. Vegetation misuse triggers severe biotic and 
physical deterioration, particularly in the intrinsically fragile Andean Patagonic region 
characterised by seasons with high rainfall levels, low temperature, strong intensity and 
frequency of winds, and extensive and deep mountain slopes. In Argentina, at low- and 
mid-elevations between 38° and 43°S and the annual isohyets of 1,500 to 2,000mm, 
the forest is mixed and composed of the xeric cypress Austrocedrus chilensis ("cipres", 
Cupressaceae) and the mesic southern beech Nothofagus dombeyi ("coihue"). The 
strong east - west environmental gradient caused by the effect of the rain-shadow of 
the Andes on community composition and dynamics is striking. This is reflected in a 
clear vegetational zonation, bordered by the sparse A.chilensis woodland surrounded by 
the Patagonian steppe towards the east and the Valdivian rainforest co-dominated by 
N.dombeyi towards the west. Both communities are separated only by tens of 
kilometres. The conifer-angiosperm association, characterised by two groups of plants 
with contrasting evolutionary histories and ecological adaptations, has received little 
scientific attention. 

At 41°1TS and 71°25W, a mixed, virgin, posMire stand, located on a dry north-facing 
slope was examined as to regeneration, size, age, and spatial structures, and stand and 
tree growth. Inferences on community dynamics were made. The minimum area of the 
community was also estimated. Density, basal area, and volume of adult trees were 
calculated to be 658 ind ha~1 (66.6% of Achilensis), 72.1 m2ha_1 (65.6%), and 
608.7m3ha~~ (51.2%), respectively. Total density of saplings and seedlings is 2,991 
(27.1% of A.chilensis) and 7,143 ind ha - (34.3%), respectively. Stand growth was 
estimated to be 7.3m3ha~1yr"1 (42.5% of A.chilensis) and 3.7 t ha"1yr~1 (32.4%). 
Between species, individual increments significantly differ within development stages. 
Adult A.chilensis and N.dombeyi show an individual diameter increment of 0.36 and 
0.57cm yr-1, respectively, and a height increment of 15.8 and 29.3cm yr- , respectively. 
Saplings of A.chilensis and N.dombeyi grow in diameter at a rate of 0.11 and 0.21cm 
yr , respectively, while their height increases at a rate of 7.8 and 17.2cm yr- , 
respectively. Within species, adults grow in diameter at rates between 2.7 (in 
N.dombeyi) and 3.2 (in A.chilensis) times significantly faster than their respective 
saplings, and also old trees show significantly larger diameter increments than young 
trees. Within species, adults grow in height at rates between 0 (in N.dombeyi) and 2.0 
(in A.chilensis) times faster than their respective saplings. In A.chilensis, old trees grow 
in height at significantly higher rates than young trees, whereas this is not the case for 
N.dombeyi. For each A.chilensis tree, a negative relationship is found between 
individual diameter (range= 0.22 to 0.42cm yr-1) and height growth (12 to 21cm yr~ ), 
and the number of neighbouring trees (0 to >7) taller than itself within a 5m distance. 
Contrarily, for N.dombeyi no relationship is observed between these variables. In 
A.chilensis, individual growth rates do not differ significantly between sex classes: for 
males, mean and current diameter, and height growth rate being 0.360, 0.132, and 
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17.6cm yr~ , respectively, while for females they are 0.348, 0.124, and 17.2cm yr~1, 
respectively. 

The inherently inferior growth capacity of A.chilensis over N.dombeyi is explained by its 
lower rate of leaf photosynthesis. Conifers from the northern hemisphere show a 
primary productivity similar to their mostly associated deciduous angiosperms. However, 
conifers from the southern hemisphere show a lower productivity than their broadleaved 
associates. This is probably due to their incapacity to benefit differentially from an 
extended period of net photosynthesis as they co-exist mainly with broadleaved 
evergreen species. The greater growth disadvantage of A.chilensis in comparison to 
N.dombeyi during the juvenile stage is consistent with the same trend observed in 
gymnospenms as a group: the seedling represents the ontogenetic phase of slowest 
growth, caused by multiple factors related to leaf productivity and carbohydrate 
allocation. This constraint has been used to explain the decline and retreat of 
gymnospenms along evolutionary scales. Within species, the dependence of growth on 
age and crowding is indicative of one-sided, asymmetric position in the light: trees that 
arrived earlier to the site have used the resources to develop a larger size, and therefore 
at present they interfere asymmetrically with those arriving later. Contrasting responses 
to these light conditions are found according to species and growth variables: i) In 
N.dombeyi, the independence of individual growth to crowding, and of height growth to 
age / development stage of trees suggests that this species has a rather large interval of 
shade tolerance. On the contrary, A.chilensis is highly susceptible to shade effects 
judging from the dependence between growth, age, and taller neighbours, ii) In 
comparison to diameter growth, height growth differs slightly between age classes / 
stages, which reflect the priority that trees commonly give to height during development. 
Lack of sex-related growth differences in the dioecious A.chilensis would be masked by 
the low reproductive development exhibited in the sampled individuals. If trees in a 
structurally well-developed stand are unable to express the same reproductive potential 
as observed in isolated trees, then its incidence on the individual energy budget would 
be marginal and marked intersexual growth contrasts would not be expected. This 
hypothesis would explain the incongruence with previously results suggesting a trade
off between vegetative and reproductive investments. It still needs to be confirmed by 
future studies given, also given the ecological and silvicultural relevance of this issue. 

In 1860, both tree species began to colonize a heterogeneous site, following a fire that 
eliminated the original vegetation. This first regenerative pulse lasted 60 to 70 years, 
after which recruitment ceased probably in response to canopy closure, resulting in the 
present even-aged clustered adult tree populations. Because of its lower density and 
higher growth rates, N.dombeyi exists as widely spaced, big emergent trees throughout 
the stand. The build-up of the mixed stand dominated by A.chilensis probably improved 
local moisture conditions autogenously, encouraging the establishment of N.dombeyi 
seedlings and defining a second continuous regenerative pulse starting around 1930. In 
the understorey, the sapling population dominated by N.dombeyi represents a third 
regenerative pulse with ages between 1 and 10 years. The current-day stand structure 
is represented by a young population dominated primarily by N.dombeyi, and a mature 
overstorey dominated primarily by A.chilensis. In the absence of large-scale impacts, 
changes in forest structure over time would be accounted for by interspecific differences 
in recruitment, growth rate, and sensitivity to competition, probably resulting in a local 
decline of the conifer component. However, the combination of a great longevity and a 
light-demanding temperament of A.chilensis implies that frequent to very infrequent 
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large-scale impacts would be sufficient to maintain its abundance in the landscape. 
These results, together with others described in literature, suggest that divergent 
development patterns occur in the A.chilensis - N.dombeyi stands, probably because 
these forests grow under a spatially varied environment and their responses differ 
consequently. 

Based on the concept of "quantitative minimum area", the statistically optimum plot size 
for the ecological study of a temperate forest was examined. Changes in the estimated 
tree density (N), basal area (G), stemwood volume (V), and volume growth rate (lv) per 
area unit, in relation to the increase of sample plot size (X), were analysed. Means of N, 
G, V, and lv fluctuated considerably within a range of small plot sizes, showing stability 
at X> 1,000m . The accuracy of the parameters estimates, calculated as relative error 
(RE), increases as long as the plot size is enlarged. For X= 1,000m , ER varies 
between ± 30% and ± 49%, and for X= 2,500m2, RE varies between ± 20% and ± 32%. 

2 
Around X= 5,000m should be sampled to obtain RE< ± 20% in all variables, according 
to the developed regressions RE= f(X) (P<0.05). This estimated plot size is larger than 
those often recommended in literature for ecological studies of temperate forests. 
Keywords: Austrocedms chilensis - Nothofagus dombeyi - Population structures -
Stand growth - Competition- Stand development - Sexual dimorphism - Minimum 
area. 
Nomenclature: Correa (1969-1985). 
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Ecolog ia de los bosques subantar t icos: estudio de caso de un 

rodal de con i fe ras y l a t i fo l iadas en la Patagonia , A rgen t ina . 

Resumen 

En ios bosques pluviales templados del sur de Sudamerica, Nothofagus 
(Nothofagaceae) es el genera arboreo dominante en extension y abundancia tanto 
sobre los suelos zonales en diferentes latitudes y altitudes, como sobre los intrazonales 
(e.g., mallines) y azonales (e.g., morrenas y depositos fluvioglaciales). El conocimiento 
cientifico sobre el funcionamiento de este bioma es todavia inadecuado para disenar 
sistemas de manejo sustentables que preserven en el largo plazo los valores, bienes y 
servicios esenciales que provee. Esta estrategia es esencial en la intrinsecamente fragil 
Patagonia andina, caracterizada por altos niveles de precipitation estacional, bajas 
temperaturas, fuertes e intensos vientos, y extensas y pronunciadas pendientes. En la 
Argentina, a bajas e intermedias altitudes, entre los 38° y 43° lat.S. y las isohietas 
anuales de 1.500 y 2.000mm, el bosque esta compuesto por la especie xerica 
Austrocedms chilensis ("cipres", Cupressaceae) y la mesica Nothofagus dombeyi 
("coihue"). El marcado gradiente ambiental este-oeste causado por la "sombra de 
lluvias" de los Andes influye en forma marcada sobre la composition y dinamica de 
estos bosques. Esto se refleja en una zonacion vegetal cuyos extremos son los 
bosquetes abiertos de A.chilensis rodeados por la estepa patagonica hacia el este, y la 
selva valdiviana co-dominada por N.dombeyi hacia el oeste, separados solo por unas 
decenas de kilometres. 

Un rodal virgen, maduro, post-fuego, dominado por A.chilensis y N.dombeyi, localizado 
a los 41°11'lat.S. y 71°25' long.O., se examino con relation a la estructura, el 
crecimiento y la sucesion. Adicionalmente, se estimo el area minima de la comunidad. 
La densidad, el area basal y el volumen de arboles adultos son 658 ind ha (66,6% de 
A.chilensis), 72,1 m2ha~1 (65,6%) y 608,7m3ha_1 (51,2%), respectivamente. La 
densidad de juveniles y plantines es 2.991 (27,1% de A.chilensis) y 7.143 ind ha -1 

(34,3%), respectivamente. El crecimiento de madera se estimo en 7,3m ha~ ano-

(42,5% de A.chilensis) y 3,7 t ha - ano- (32,4%). Los adultos de A.chilensis y 
N.dombeyi crecen en diametro a una tasa individual de 0,36 y 0,57cm ano- , 
respectivamente, mientras que en altura a 15,8 y 29,3cm ano- , respectivamente. Los 
juveniles de A.chilensis y N.dombeyi crecen en diametro a una velocidad de 0,11 y 
0,21cm ano- , respectivamente, mientras que en altura a una de 7,8 y 17,2cm ano- , 
respectivamente. El incremento de los individuos difiere significativamente entre 
especies. Los adultos crecen en diametro a una tasa entre 2,7 (en N.dombeyi) y 3,2 (en 
A.chilensis) veces mas rapida que sus respectivos juveniles, y los arboles mas viejos 
expresan incrementos superiores a los mas jovenes. Los adultos crecen en altura a una 
tasa entre 0 (en N.dombeyi) y 2,0 ( en A.chilensis) veces mas rapida que sus 
respectivos juveniles. En A.chilensis, los arboles de mayor edad crecen en altura a 
velocidades mas rapidas que aquellos de menor edad, mientras que en N.dombeyi se 
observa una relacion independiente entre esas variables. Para cada A.chilensis, se 
encuentra una dependencia negativa entre el crecimiento individual en diametro (rango 
= 0.22 y 0.42cm ano- ) y altura (12 - 21cm ano" ), y el numero de vecinos mas altos 
que el arbol objeto en un radio de 5m. Contrariamente, en N.dombeyi se observa 
independencia entre esas variables. En la especie dioica A.chilensis, las tasas de 
crecimiento individuales no difieren en forma significativa entre clases de sexo: en los 
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machos, el incremento medio y corriente en diametro, y en altura es 0,360, 0,132 y 
17,6cm ano~ , respectivamente, mientras que en las hembras es 0,348,0,124 y 17,2cm 
ano~~ , respectivamente. 

La capacidad de crecimiento intrinsecamente inferior de A.chilensis se deberia a su 
menor tasa de fotosintesis. Las coniferas del hemisferio norte exhiben una 
productividad equivalente a la de las angiospermas deciduas con las que comparten los 
sitios. En cambio, las coniferas del hemisferio sur presentan una productividad menor a 
las angiospermas arborescentes, probablemente porque no se benefician en forma 
diferencial de un periodo extendido de fotosintesis ya que co-existen habitualmente 
con especies perennes. En los juveniles de A.chilensis, la mayor desventaja del 
crecimiento en relation con N.dombeyi es consistente con la tendencia observada en 
las gimnospermas: los juveniles representan la fase ontogenica de menor crecimiento, 
debido a factores vinculados a la fotosintesis y a la inversion en organos asimilatorios. 
Esta limitation se ha utilizado para explicar el retroceso del taxon observado a lo largo 
de escalas evolutivas. La dependencia entre el crecimiento individual y la edad y la 
abundancia de arboles vecinos indica el efecto de la competencia asimetrica por luz: los 
arboles que arribaron tempranamente al sitio habrian aprovechado anticipadamente los 
recursos y adquirido un mayor tamano, y en consecuencia interfieren asimetricamente 
con aquellos que se establecieron mas tarde. Sin embargo, ocurren respuestas 
diferentes de acuerdo a las especies y a las variables: i) En N.dombeyi, la 
independencia entre el crecimiento y la cantidad de vecinos mas altos y entre el 
crecimiento en altura y la edad / estadio sugiere su relativa insensibilidad a la 
competencia. En A.chilensis, la dependencia negativa entre el crecimiento y la edad y la 
presencia de vecinos indica que su mayor susceptibilidad a la competencia. ii) La 
diferencia menos marcada del crecimiento en altura en comparacion con el del 
diametro entre clases de edad / estadios de desarrollo, indica que los arboles dan 
prioridad a la primera dimension sobre la segunda; esta tendencia es general en los 
arboles. En A.chilensis, la ausencia de diferencias en el crecimiento entre sexos estaria 
enmascarada por el escaso desarrollo reproductive de los individuos muestreados: si 
en rodales estructuralmente mas complejos los arboles son incapaces de expresar el 
potencial reproductive que si se observa en individuos aislados, su incidencia sobre el 
presupuesto energetico seria marginal y entonces no se esperarian diferencias 
sustanciales de crecimiento entre sexos. Esta hipotesis explicaria la incongruencia con 
resultados presentados en forma previa que sugieren un intercambio entre la inversion 
vegetativa y la reproductiva en Austrocedrus chilensis, y se la deberia poner a prueba 
dada la relevancia ecologica y silvicultural del tema. 

En 1860, las especies arborescentes comenzaron a colonizar un sitio heterogeneo, 
luego de la elimination de la vegetation original causada por un incendio. Este primer 
pulso de regeneration dominado por A.chilensis se extendio alrededor de entre 60 y 70 
anos, despues el reclutamiento ceso probablemente en respuesta al cierre de la 
canopia resultando en las actuates poblaciones coetaneas y agrupadas. N.dombeyi 
esta representado por arboles aislados, emergentes y de gran tamano debido a su baja 
densidad y mayor tasa de crecimiento. El desarrollo del rodal habria provocado un 
mejoramiento autogenico de las condiciones de humedad, promoviendo el 
establecimiento de N.dombeyi que define un segundo pulso de regeneracion. En el 
sotobosque, la cohorte de juveniles dominada por N.dombeyi representa un tercer 
pulso de regeneracion. En ausencia de perturbaciones ecologicas de gran escala, se 
esperan cambios en la estructura del bosque a lo largo del tiempo influidos por las 
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diferencias interespecificas en relation con el reclutamiento, el crecimiento, y la 
capacidad competitiva, resultando en una disminucion local de A.chilensis. Sin 
embargo, la combination de una extendida longevidad e intolerancia a la sombra 
implies que disturbios desde muy frecuentes hasta muy infrecuentes serian suficientes 
para mantener su abundancia en el sitio. Los resultados presentados aqui junto con 
aquellos reportados en forma previa, sugieren que secuencias sucesionales 
divergentes ocurren en estos bosques mixtos, probablemente debido a la presencia de 
un ambiente que cambia espacialmente en forma pronunciada, y entonces las 
respuestas de la vegetation varian consecuentemente. 

Basado en el concepto de "area minima cuantitativa", se estimo el tamano 
estadisticamente optimo de una parcela de muestreo para el estudio de este bosque 
templado. Se analizaron los cambios de la densidad, el area basal, el volumen de 
madera y el crecimiento volumetrico del rodal, en relation con el aumento del area (X) 
utilizada para estimar tales parametros. La media de los parametros fluctuo 
considerablemente dentro de un rango de tamanos de parcela pequenos, y se 
estabilizan a partir de X >1.000m . La precision de las estimationes de las variables, 
medida en terminos del error relativo (ER), se incremento al aumentar X. Para X= 
1.000m2, ER vario entre ± 30% y ± 49%, y para X= 2.500m2, ER vario entre ±20% y 
±32%. Utilizando reqresiones ER= f[X) (P<0,05), se estimo que se deberia muestrear al 
menos X= 5.000m para obtener ER< ± 20% en todas las variables. En general, esta 
area estimada de muestreo es mayor que las sugeridas por otros autores para el 
estudio de la ecologia de bosques templados. 

Palabras clave: Austrocedrus chilensis - Nothofagus dombeyi - Estructuras de 
poblacion - Crecimiento - Competencia - Sucesion ecologica - Dimorfismo sexual -
Area minima. 

Nomenclature: Correa (1969-1985). 
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Subantarc t i sche boseco log ie : aan een gemengd bos met n a a l d - en 

loo fbomen in Patagonie , A rgent in ie . 

Samenvat t ing 

In de gematigde streken van zuidelijk Zuid-Amerika is het genus Nothofagus 
(Nothofagaceae) ofwel de beuk van het zuidelijk halfrond, de meest dominante 
boomsoort, zowel in verspreiding als. in aantal. Hij komt voor op bodems die onder 
invloed van het klimaat gevormd zijn over vele breedtegraden en verschillende hoogten, 
alsook op de anaerobe intrazonale en jonge azonale bodems (morenen en 
fluvioglaciale afzettingen). Hoewel de bezorgdheid over de processen die zich in het 
gebied voltrekken momenteel algemeen is, is het bestaande niveau van ecologische 
kennis nog onvoldoende om een gezond beheer te ontwikkelen. Verkeerd gebruik van 
de vegetatie kan onherstelbare schade aanrichten aan het ecosysteem, met name in dit 
kwetsbare Andes-Patagonie gebied dat gekenmerkt wordt door seizoensgebonden 
hoge neerslag, lage temperatuur, veel wind en een sterk relief. Het bos in dit laag- en 
middelgebergte van Argentinie, gelegen tussen 38° en 43°ZB en met een jaarlijkse 
neerslag tussen de 1500 en 2000mm, is samengesteld uit de droogteminnende cypres 
Austrocedms chilensis ("cipres", Cupressaceae) en de vochtminnende zuidelijke beuk 
Nothofagus dombeyi ("coihue"). Het Andes gebergte heeft grote invloed op de 
klimatologische omstandigheden waarin deze boomsoorten groeien. Dit uit zich in grote 
klimatologische verschillen over kleine afstanden, als gevolg van regenschaduw en 
hoogteverschillen, en veroorzaakt een sterke oost-west gradient in het gebied. Dit 
weerspiegelt zich in een vegetatie-zonering met als uitersten het pure A.chilensis woud 
omgeven door de Patagonische steppe in het oosten en het Valdivische regenwoud, dat 
mede gedomineerd wordt door N.dombeyi, in het westen. Deze twee uitersten liggen 
slechts enkele tientallen kilometers van elkaar. Dit ecosysteem dat gekenmerkt wordt 
door twee groepen van planten waarvan de evolutionaire geschiedenis en ecologische 
aanpassing onderling zeer contrasteren, heeft nog weinig wetenschappelijke aandacht 
gehad. 

Op 41C1TZB en 71°25'WL werd een A.chilensis - N.dombeyi opstand onderzocht. 
Deze op een droge noordhelling gelegen opstand, was spontaan ontstaan na een 
bosbrand. Het onderzoek richtte zich op regeneratie, omvang, leeftijd en ruimtelijke 
structuur alsmede op de groei van de opstand in zijn geheel, zowel als die van de 
individuele boom. Uiteindelijk werden er conclusies getrokken aangaande de dynamiek 
in deze ecologische eenheid. Daamaast werd het minimaai vereiste oppervlak van de 
ecologische eenheid geanalyseerd. Dichtheid, stamoppervlak en het volume van de 
volwassen bomen werden geschat: 658 individuen ha - (66,6% A.chilensis), 72,1m 
ha -1 (65,6%), en 608,7m ha - (51,2%). De totale dichtheid van zaailingen en jonge 
bomen bedroeg respectievelijk 2.991 (27,1% A.chilensis) en 7.143 individuen ha -

(34,3%). De aanwas werd geschat op 7,3m ha~ j ~ (42,5% A.chilensis) en 3,71 ha~ j ~ 
(32,4%). De verschillen in aanwas tussen individuen van beide soorten waren 
aanzienlijk voor alle ontwikkelingsstadia. Volwassen A.chilensis en N.dombeyi vertonen 
en diameter-aanwas van respectievelijk 0,36 en 0,57cm j - en een hoogte-aanwas van 
respectievelijk 15,8 en 29,3cm j ~ . Jonge A.chilensis en N.dombeyi bomen hebben een 
diameter-aanwas van, respectievelijk, 0,11 en 0,21cm j ~ en een hoogte-aanwas van 
respectievelijk 7,8 en 17,2cm j ~ . Binnen een soort is de diameter-aanwas van 
volwassen bomen tussen 2,7 (in N.dombeyi) en 3,2 (in A.chilensis) maal sneller dan bij 
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hun jonge soortgenoten. Bovendien geven oudere bomen een significant snellere groei 
in diameter te zien. Bij A.chilensis is de hoogte-groei van de oudere boom aanzienlijk 
sneller dan van de jonge, hetgeen bij N.dombeyi niet het geval is. De hoogte-aanwas is 
bij de volwassen bomen tussen de 0 (in N.dombeyi) en 2,0 (in A.chilensis) maal zo groot 
als bij hun jongere soortgenoten. Voor elke A.chilensis boom werden negatieve relaties 
gevonden tussen zowel de diameter-toename (0,22 tot 0,42cm j ~ ) als de hoogte-groei 
(12 tot 21cm j ~ ), en het aantal omringende bomen groter dan die boom (0 tot >7 binnen 
5m). Voor N.dombeyi werd daarentegen geen relatie waargenomen tussen deze 
variabelen. Bij A.chilensis, verschillen de groeicijfers niet significant tussen de seksen: 
bij de mannelijke bomen was de gemiddelde diameter-aanwas, respectievelijk de 
dikterogroei over de laatste 20 jaar 0,360 en 0,132cm j~~ . De hoogtegroei bedroeg 
17,6cm j ~ . Voor de vrouwelijke bomen was dit respectievelijk 0,348, 0,124, en 17,2cm 

j ~ • 

De lagere groeicapaciteit van A.chilensis ten opzichte van N.dombeyi kan verklaard 
worden door de lagere fotosynthese van het blad. Coniferen van het noordelijk halfrond 
tonen een primaire productiviteit die lijkt op die van de bladveriiezende angiospermen 
waarmee ze samenleven. De coniferen van het zuidelijk halfrond daarentegen, tonen 
een beduidend lagere productiviteit dan de loofbomen. Dit komt waarschijnlijk omdat ze 
samenleven met groenblijvende loofhout soorten. Bij jonge bomen klopt de grotere 
groeiachterstand die bij A.chilensis is waargenomen ten opzichte van N.dombeyi met 
de tendens zoais die is waargenomen bij de gymnospermen als groep: zaailingen 
vertegenwoordigen de langzaamste groei tijdens de orthogenetische fase bij deze groep 
planten. Dit wordt veroorzaakt door meerdere factoren die verband houden met 
bladproductiviteit en verdeling van koolwaterstoffen. Uit deze beperking verklaart men 
de afname van het aantal en de terugtocht van de gymnospermen in termen van de 
evolutie. Binnen de soorten is de afhankelijkheid van groei van de leeftijd en populatie 
dichtheid een maat voor de eenzijdige asymmetrische competitie: de bomen die als 
eerste op een plaats voorkwamen hebben de grondstoffen ook als eerste ter 
beschikking. Met name geldt dit voor licht dat zij, door hun voorsprong in omvang, als 
eerste kunnen onderscheppen, zodat zij asymmetrisch invloed hebben op de bomen die 
later komen. Er zijn echter verschillende reacties waargenomen samenhangende met 
de soort en met groei-variabelen. i) De onafhankelijkheid van individuele groei van de 
populatie dichtheid en die van de hoogte-groei van leeftijdsklasse en ontwikkelingsfase 
zijn aanwijzingen dat N.dombeyi nogal ongevoelig is voor de asymmetrische competitie. 
Daarentegen is A.chilensis zeer gevoelig, geoordeeld naar de onderlinge 
afhankelijkheid tussen zowel groei als leeftijd van het aantal grotere buren. ii) In 
vergelijking met de diameter-groei verschilt de hoogte-groei erg weinig tussen 
leeftijdsklasse en ontwikkelingsfase. Dit geeft de algemene prioriteit weer, die de bomen 
aan hoogte-groei geven. De afwezigheid van geslachtsgerelateerde groeiverschillen bij 
de tweeslachtige A.chilensis zou verklaard kunnen worden uit de lage reproductie die bij 
de bemonsterde individuen is waargenomen. Als de bomen in deze goed ontwikkelde 
bossen minder reproductie-potentieel laten zien dan dat wat bij meer geisoleerde 
bomen is waargenomen, dan zou ook de aanslag door de reproductie op het individuele 
energiebudget marginaal zijn, waardoor geen belangrijke verschillen in groei tussen de 
seksen verwacht worden. Deze hypothese, die de incongruentie met voorgaande 
onderzoeken zou verklaren, suggereert een uitruil tussen de vegetatieve en de 
reproductieve investeringen en moet verder worden getest in toekomstige studies, 
gezien de ecologische en bosbouwkundige betekenis van dit onderwerp. 
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In 1860 begonnen beide soorten met het koloniseren van een heterogene groeiplaats, 
nadat de oorspronkelijke vegetatie was verbrand. Deze eerste aanzet van de verjonging 
duurde 60 tot 70 jaar waama dit proces stopte, waarschijnlijk als gevolg van sluiting van 
het kronendak. Dit resulteerde in de huidige eenzijdige leeftijdsopbouw van deze sterk 
geclusterde bomenpopulatie. Vanwege de lagere dichtheid en hogere groeisnelheid 
staat de N.dombeyi gei'soleerd en is erg groot. De opbouw van de door A.chilensis 
gedomineerde gemengde opstand verbeterde waarschijnlijk de vochttoestand, 
waardoor de installatie van N.dombeyi werd aangemoedigd en er een tweede 
verjongingsproces werd ge'initialiseerd in de jaren'dertig. Een derde factor die de 
verjonging positief be'invloedt is de dominante aanwezigheid van N.dombeyi in de 
populatie zaailingen. De hedendaagse opstand wordt vertegenwoordigd door een jonge 
populatie, hoofdzakelijk gedomineerd door N.dombeyi, met daarboven een votwassen 
bovenlaag waar A.chilensis domineert. Bij afwezigheid van grote externe invloeden 
worden veranderingen in bosstructuur veroorzaakt door verschil in verjongings-
vermogen tussen beide soorten, zowel als verschil in groeisnelheid en negatieve 
interactie tussen de soorten. Hierdoor zal het coniferengehalte van dit bos waarschijnlijk 
iets afnemen. De combinatie van hoge lichteisen en lange levensduur veronderstelt dat 
grootschalige, frequente tot zeer frequente omgeringskrachten een overvloed van 
A.chilensis in het landschap zal bevorderen. Samen met andere in de literatuur 
beschreven resultaten suggereren deze resultaten dat divergente 
ontwikkelingspatronen optreden in de gemengde A.chilensis - N.dombeyi opstand, 
waarschijnlijk omdat deze bossen in een ruimtelijk gevarieerde omgeving voorkomen 
waarop de respons der boomsoorten verschillend is. 

Op basis van het concept van het "kwantitatief minimum oppervlak" is de statistisch 
optimale eenheid voor ecologische studie van een gematigd bos, onderzocht. Er werd 
een analyse uitgevoerd naar de veranderingen in geschat stamtal (N), grondvlak (G), 
volume-aanwas (V) en de volumegroeisnelheid (lv) in relatie tot de toename van het 
bestudeerde landoppervlak (X). De gemiddelde waarden van N, G, V en lv fluctueerden 
aanzienlijk bij kleine oppervlakten en toonden stabiliteit bij X> 1.000m . De 
nauwkeurigheid van de geschatte parameters, berekend als relatieve fout (RE), neemt 
toe bij toenemende oppervlak. Voor X= 1,000m varieert RE tussen ± 30% en ± 49% en 
voor X= 2.500m varieert RE van ± 20% tot ± 32%. Bij een ecologische eenheid van X= 
5.000m verkrijgen we waarden van RE< ± 20% in alle variabelen, volgens de gebruikte 
regressie analyse RE= /(X) (P<0,05). Deze geschatte oppervlakte is groter dan meestal 
wordt aangegeven in aanbevolen literatuur voor ecologische onderzoeken van 
gematigde bossen. 

Trefwoorden: Austrocedrus chilensis - Nothofagus dombeyi - Populatie structuur -
Opstandsaanwas - Competitie - Opstandsontwikkeling - Sexuele dimorfisme -
Minimaal oppervlak. 

Nomenclatuur: volgens Correa (1969-1985). 
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1. INTRODUCTION 

"If you ever come upon a grove that is full of ancient trees which 
have grown to an unusual height, shutting out a view of the sky by a 
veil of pleated and intertwining branches, then the loftiness of the 

forest, the seduction of the spot and the thick, unbroken shade of 
the midst of open space will prove to you the presence of God." 

Seneca (ca.50). 

Plant ecology and vegetat ion management 

A forest is a living, complex, and dynamic system, driven by the numerous interactions amongst the 
physical setting, the attributes of its biotic constituents, and the regime of the prevailing ecological 
impacts. Although a stand of forest trees is a tangible entity, many of these interactions are 
imperceptible because they operate across a wide array of spatial and temporal scales, ranging from 
the ancestors to the current members of the population. These "invisible present and place" 
(Magnuson 1990, Swanson & Sparks 1990) are related to events that happened during a distant past 
or that occur in the landscape far beyond the site under study. For instance, light radiation beneath 
the canopy determines microclimatic changes within and around openings over a lapse of seconds 
and minutes. At the other extreme, forests have changed over thousands or millions of years over 
entire continents because of climatic change, continental drift, and evolution. Biotic processes such 
as establishment and species interaction take place at small scales, whereas succession occurs over 
larger scales. 

Forests supply biomaterials fc(food, medicine, construction material, energy), services (wildlife 
conservation, environmental quality, habitat diversity and integrity, land productivity, recreation 
opportunities, aesthetic virtues), and cultural values essential for both geosphere functioning and 
humanity existence. From ethical and utilitarian standpoints, forests must be managed sustainably, so 
as to preserve their inherent properties in the long-term. The extent of the life cycle in long-lived 
organisms such as trees (e.g., 500 years) does not agree with the span of professional careers (e.g., 40 
years), economic timber rotations (e.g., 30-80 years), or economic planning cycles (e.g., 1-10 years). 
This simple fact imposes serious constraints to a rational relationship between society and forests. 
Forest management evolved from a "custodial" strategy, focusing on avoiding clearly undesirable 
activities (e.g., overexploitation, fire), towards an agricultural model based on extensive, high-yield 
sustained production of few necessary commodities (e.g., timber), and finally to a sustainable 
multiple-use ecosystem management directed to providing a broad array of goods and services 
(Salwasser 1994). This broad trend reflects the weakness of traditional agricultural-based 
management approaches, the expanding values that public attaches to forests, the increasing demand 
for a diversity of resources related to trees and woodlands, and the impressive current rates of forest 
disappearance and degradation (Oldeman & Sieber-Binnenkamp 1994). 

Ecological succession involves the directional, continuous, and non-seasonal pattern of colonisation 
and extinction of populations in a particular site, leading to eventual changes in species composition, 
population structures, and vegetational physiognomy (Pickett & White 1985). Vegetation 
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management necessarily implies a controlled series of ecological impacts that result in the re
distribution of resources (light, nutrients, water), and regulators (temperature, moisture), 
consequently modifying the course of succession (Oldeman 1990). The best approach for 
maintaining forest integrity and meeting human needs is to use its natural dynamics and the impact 
regime as a model for management (Oldeman 1990, Attiwill 1994). The study of the basic ecology 
of forest stands, aimed to understand habitat requirements, regeneration modes, phenology, and 
architectural dynamics of plants for avoiding, escaping, or resisting impact, is essential to develop an 
ecologically sound, economically viable, and socially responsible management (Wagner & Zasada 
1991). This is also because there is not, nor there will ever be, a simple set of prescriptions for 
multiple use of complex systems; rather, site-specific prescriptions are always needed. Natural 
woodlands are particularly valuables in the context of basic and applied scientific research because 
they constitute a reference point for the comparative analysis of different land management types and 
environmental monitoring. The ultimate test for scientific understanding of an ecological 
phenomenon is the ability to use this knowledge to manage ecosystems for conservation. This 
management approach has been alternatively named "Silvology" (Oldeman 1990), "Holistic 
forestry" (Mlincek 1991), "New forestry" (Swanson & Franklin 1992), "Forest ecosystem 
management" (Salwasser 1994), or "Ecological forestry" (Seymour & Hunter 1999). 

Current concern regarding the global role and fate of the temperate forests of southern South 
America is important. Nevertheless, the existing level of knowledge of forest patterns and processes 
is still inadequate to develop ecologically based management practices. Increased efforts and 
resources have to be dedicated to better understanding of community structure and functioning, in 
order to indicate more precisely how sustainable practices should evolve towards a multi-purpose 
ecosystem management. Deficient knowledge reduces the forester's ability to maintain and enhance 
values, services, and commodities linked to forested areas. The modification, simplification, and 
elimination of natural vegetation usually triggers severe deterioration processes in the biota, soil, 
landscape, and climate. This is particularly relevant in Patagonia, a region characterised by an 
intrinsic environmental fragility given the seasonal distribution of high rainfall levels, the low 
temperature, the strong intensity and frequency of winds, and the extensive and deep system of 
mountain slopes. 

The Austrocedrus-Nothofagus forests 

As one travels from east to west in the Andes' rain shadow of northwestern Patagonia, Argentina, one 
encounters an abruptly mounting, dissected topography and increasing precipitation. The resulting 
environmental gradient largely determines an ecological continuum zonation in which different 
vegetational types occur. At 41°S, the following communities are found: i) steppe, ii) Austrocedrus 
chilensis woodlands and forests, iii) Austrocedrus chilensis - Nothofagus dombeyi forests 
{Austrocedrus cMmws-dominated), iv) Nothofagus dombeyi - Austrocedrus chilensis forests 
{Nothofagus dombeyi-dormnated), v) Nothofagus dombeyi forests, and vi) temperate rainforests. 
Many studies have been devoted to understanding the ecology of Austrocedrus chilensis (D.Don) 
Florin et Boutelje ("cipres", "cipres de la cordillera") (Cupressaceae) and Nothofagus dombeyi 
(Mirb.) Blume ("coihue", "coigue") (Nothofagaceae). These investigations have mainly focused on 
either pure forests built by one of these species (Pita 1931, Lebedeff 1942, Frangi 1976, Boninsegna 
& Holmes 1978, Veblen 1987, Veblen & Lorenz 1988, Dezzotti & Sancholuz 1991, Rovere 1991, 
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Armesto et al. 1992, Veblen et al. 1992b, Gobbi 1994, Villalba & Veblen 1997a,b, Relva & Veblen 
in press), or on the Nothofagus dbmAey?-dominated mixed forests (Singer 1971, Eskuche 1973, 
McQueen 1976, 1977, Veblen & Lorenz 1987). The mixed vegetation type in which Austrocedrus 
chilensis dominates in abundance whereas Nothofagus dombeyi appears as a sub-dominant tree, has 
received little scientific attention. It exhibits the following significant attributes: i) it represents a 
natural community as the current plants and their ancestors have colonised the site without any trace 
of human intervention, ii) it constitutes a native community as the plants are indigenous to the site, 
iii) it represents a virgin community in the sense that many stands have never been exploited 
commercially, though occasional cutting of a few trees and slight grazing may perhaps have occurred 
during the recent past, and iv) it comprises a conifer and an angiosperm, two groups of plants that 
exhibit contrasting evolutionary histories and ecological adaptations. 

The retreat of gymnosperms at the evolutionary scale, claimed to be caused by climatic change 
(Retallack & Dilcher 1981), by the effect of tectonic and volcanic activity (Kershaw & McGlone 
1995), or by successional displacement of inferior by superior flowering plants (Regal 1977, 
Stebbins 1981, Bond 1989, Haig & Westoby 1991), constitutes a major biological theme. In the 
southern hemisphere, the co-existence of conifer and broadleaved trees in mixed stands constitutes 
an important scientific subject as well. Unequivocally, the current diversity and geographical 
distribution of southern conifers is only a minor fraction of that which occurred in the geological 
past, and consequently the group is often regarded as relictual or "living fossil" (Enright et al. 1995). 
Compared to woody perennial flowering plants, conifers exhibit a slow rate of individual and 
population increase (Norton et al. 1987). Many conifers are characterised by discontinuous and 
restricted age structures indicating failures of regeneration beneath established stands (Enright & 
Odgen 1995). These features have been formerly interpreted as evidence of their progressive 
declining, driven by climatic change (Holloway 1954) or by competitive exclusion (Schmithusen 
1960). These ideas were strongly influenced by classic successional theories, based on stable climax 
communities composed of self-replacing populations. However, these theories did not adequately 
incorporated impact-driven dynamics (Enright et al. 1995). 

The conifer-broadleaved association between Austrocedrus chilensis and Nothofagus dombeyi is a 
valuable system for Successional studies. Both tree species are very similar in respect to several 
characteristics. These long-lived, evergreen, mesophanerophytic plants are frequently characterised 
as light-demanding species, exhibiting a "catastrophic" regeneration mode (Read & Hill 1985, 
Veblen 1989). They strongly depend after large-surface impacts for colonisation and persistence, 
showing a limited ability to regenerate beneath the canopy or in small gaps. This is reflected in the 
ample discontinuity in age structure and large patch size frequently observed in their populations 
(Veblen 1989). Within the mixed stands, they exclusively show sexual reproduction. A rather clear 
differentiation in niche requirement occurs with respect to moisture: Nothofagus dombeyi and 
Austrocedrus chilensis share the same sites where moisture falls in between the lower limit of 
tolerance for the former and the upper limit for the latter species. 

Ob j ec t i ve s 

The overall aim of the present research is to reconstruct the history and to analyse the ecological 
stability of a mixed Austrocedrus chilensis - Nothofagus dombeyi stand belonging to the drier mixed 
type, which developed during secondary succession following a fire, and without subsequent natural 
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or human large-scale impacts. At present, this forest type tends to be dominated in abundance by the 
drought-tolerant Austrocedrus chilensis, while the moisture-demanding Nothofagus dombeyi is a 
sub-dominant tree. Particular objectives of this study are: i) to present a comparative revision of 
some life histories of conifers and arborescent angiospasms, ii) to outline the main physical, 
biological, and human-made characteristics of the biome in which this community-type arises, iii) to 
examine the main evolutionary, biological, and ecological features of Nothofagus dombeyi and 
Austrocedrus chilensis, iv) to analyse the performance, age, and spatial structures, growth, 
regeneration, and dynamics of a forest stand composed of both species, and additionally to estimate 
the minimal area of this community, and finally vi) to draw a conclusion from the major findings, 
placing them particularly in the context of current schemes of forest development involving this 
association. The text is therefore organised in two main parts. The first half of the book (Chapters 2 
to 4) summarises the known scientific context, whereas the second half (Chapters 5 and 6) fits the 
research within this perspective, leading to new insights on the ecology of this mixed forests. 
Although in terms of geographic distribution the conifer-dominated association may be considered 
relatively unimportant, a more complete ecological picture of the Austrocedrus chilensis and 
Nothofagus dombeyi forests along the environmental gradient in northwestern Patagonia will 
contribute to fill a significant gap in the knowledge of these subantarctic ecosystems in general, and 
to complete the understanding indispensable to the manager. 
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2. ANGIOSPERMS AND GYMNOSPERMS 

"Plants, humans and all other life on this planet are interconnected 

through ecological systems that have been millions of years in the 

making, but whatever we humans may think, the chief players are 

plants, for it is they have made the planet habitable for everything 

else." 

Peter R.Crane (1995). 

Evolut ionary trends 

Gymnosperms arose in the middle Devonian (365 million years before present, Ma) and became the 
dominant vascular group during the Mesozoic. However, by the end of the late Cretaceous (75 Ma) 
at least 50% of the plant species were already angiosperms (Lidgard & Crane 1990). At present, 
flowering plants comprise around 234,000 species compared to only 800 described gymnosperms. 
This richness exceeds the total number of all other photosynthetic terrestrial plants and algae 
combined (Givnish 1980, WRI 1986, Thome 1992). Of the around 4 billion hectares of the world's 
natural forests, 63% are dominated by broadleaved trees (table 1). The evolutionary and ecological 
success of flowering plants is reflected by their variety in architecture, size and genotype, local 
abundance, habitat diversity, and geographical spread. Gymnosperms can be prominent in the 
landscape as in the northern hemisphere, although they are mostly restricted to high latitudinal and 
altitudinal environments, characterised by low insolation, cold temperature, and short growing 
seasons (e.g., the northern boreal and montane forests), or to suboptimal, poor-drained, infertile, or 
highly acidic soils. They tend to be excluded from extensive forest areas in tropical and subtropical 
lowland regions with little or no climatic seasonality, and to dominate early successional stages in 
areas subjected to periodic, large-scale abiotic impacts (Sneath 1967, Woodward 1995). 

Evolutionary innovations of angiosperms reproduction were the enclosure of the ovule by carpels 
protecting the seeds, the further reduction of the male and female gametophytes, and the 
development of a genuine endosperm that constitutes a food-storage seed tissue. In comparison to 
gymnosperms, flowering plants exhibit a briefer interval between pollination and seed maturation, a 
higher seed production, a lower reproductive cost, a shorter life cycle and generation interval, 
particularly in herbs, a faster sexual maturation, and more mechanisms for vegetative propagation 
and pollination. Their exclusive vegetative features include a variety of architecture and form 
(gymnosperms are only woody species with a reduced number of architectural models, showing little 
or no reiteration (Halle et al. 1978, but see Edelin 1977)), a great diversity in leaf forms and shapes, 
an improved leaf conducting and mechanical support system as a heavily vascularized and reticulated 
venation, and a specialised xylem separated into support and conductive tissues (in gymnosperms 
tracheids serve both functions, Braun (1963, 1970, ex Oldeman 1990)). The diffuse- and ring-porous 
vessels permits a better conduction than in tracheids because of its larger lumen diameter and size, 
and the absence of end walls conferring a lower resistance to water flow. 

On the base of palaeontological and palaeoecological studies, Taylor & Hickey (1996) describe 
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Table 1: World forest area in 1973 (10 ha) (Persson 1974). Mixed 
broadleaved-dominated forests are mostly included in the broadleaved 
category. A recent estimate for total forest area is 3,330 10 ha (Bryant 
et al. 1997). Percentages of forest land in relation to the area of the 
region (a), the area covered by the total forest (b) , and the area 
occupied by each forest type (c) are indicated. 

Region 

Nor th America 
C e n t r a l America 
South America 
A f r i c a 
Europe 
e x - S o v i e t Union 
As i a 
P a c i f i c a r e a 

T o t a l 

Total 
forest 

630 

65 

730 

800 

170 

915 

530 

190 

4,030 

a 

34 

22 

30 

6 

30 

35 

15 

10 

2 1 

b 

16 

2 

18 

19 

4 

2 3 

13 

5 

100 

Coniferous 
forest 

466 

21 
7 

8 

114 

760 

85 

44 

1,505 

c 

74 

32 
1 

1 

67 

83 
16 

23 

37 

Broadleaved 
forest 

164 

44 
723 

792 

56 

155 

445 

146 

2,525 

c 

26 

68 

99 

99 

33 

17 

84 

77 

63 

early angiosperms as small perennial herbs with rapid vegetative growth, short life-span, high 
allocation of carbohydrates to leaves, clonal reproduction, biotic pollination, carpels, small fruits, and 
tiny dormant seeds. An improved transport system would have evolved in response to variability in 
water availability, transpiration, and growth. Their ancestral habitats possibly were nutrient-rich, 
climatically stable, but frequently disturbed sites under a fluvial regime. Floodplains were earlier 
invaded by angiosperms evolving secondary growth and beginning to successfully compete against 
spore-bearing and woody seed plants. The subsequent history of flowering plants comprised an 
explosive radiation towards different habitats outside the first fluvial setting (Hickey & Doyle 1977). 
The initial radiation and spread of angiosperms to tropical forests agrees with and extinction of entire 
orders and families of gymnosperms, as the anemophilic family Cheirolepidiaceae that dominated 
the Mesozoic communities at low latitudes (Hughes 1977). The divergent hypotheses explaining 
angiosperm diversification and dominance, and gymnosperm extinction and retreat assume, tacitly or 
expressly, a causal relationship between these events. Competition in the form of interference and 
exploitation between these relatively distant groups is presumed to be the main intervening 
interaction (Hochberg & Lawton 1990). The different life histories are supposed to account for the 
divergent ecological and biogeographical patterns currently observed within seed plants. The two 
principal theories explaining the causes for the assumed competitive displacement of gymnosperms 
by angiosperms differ in the subjacent morphological, functional, and ecological mechanisms. The 
"reproductive efficiency hypothesis" stresses the value of the reproductive innovation of 
angiosperms, such as endosperm development and animal pollination and dispersal (Raven 1977, 
Regal 1977). The "seedling growth hypothesis" emphasises the differences in vegetative habit and 
primary productivity as the basis for the differential performance between both groups (Stebbins 
1981, Bond 1989, Midgley & Bond 1991, Taylor & Hickey 1996) (table 2). 

In angiosperms, pollination and dispersal mainly rests upon specific mutualistic interactions with 
animals, particularly insects, bats, birds, and mammals as pollen and seed vectors. In gymnosperms, 
wind is the exclusive mechanism for pollination, whereas wind or gravity (for 
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Table 2: A comparison between the hypotheses explaining the differential 
performance of spermatophytes. 

Concept 

Primary structural 
basis for angiosperm 
advantage 
Primary functional 
effect of angiosperm 
advantage 
Predicted gymnosperm 
distribution 

Explanation of 
gymnosperm 
distribution 

Primary mechanism of 
gymnosperm 
displacement by 
angiosperms 

Absence of 
gymnosperms in the 
lowland tropics 

Dominance of 
gymnosperms in non-
marginal environments 

Pollination hypothesis 
(Regal 1977) 

Presence of flower 
and fruit 

Biotic pollination 
and dispersal 

Suboptimal 
environments 
Wind pollination 
requires dense 
populations occurring 
in species-poor 
communities. In turn, 
infertile sites cause 
low diversity 

Genetic: hetero
zygosis is correlated 
with interspecific 
competitive ability 
(wind-pollination 
syndrome produces 
more homozigosis than 
insect pollination 
syndrome) 

Disadvantage of wind-
pollinated plants in 
species-rich, dense 
communities 

Not explained 

Slow seedling hypothesis 
(Bond 1989) 

Leaf and vascular 
anatomy, leaf size, 
architecture 

Increased growth and 
reproduction rates 

Suboptimal 
environments 

Habitats represent 
refugees for slow-
growing juveniles of 
conifers 

Ecological:asymmetric 
one-sided competition 
leads to failure in 
gymnosperm 
establishment and 
persistence on 
productive sites 

Weak competitive 
ability because of a 
lower water-use and 
carbon uptake 
efficiency 

Not explained 

winged seeds enclosed in wooden cones) and animals (for fleshy structures as arils bearing wingless 
seeds) are involved in dispersal (Givnish 1980). In flowering plants, the pollination system would 
obtain selective advantages from increases in i) the gene dispersal efficiency, because it is specific 
and cost-effective allowing the maintenance of long distant gene flows among widely spaced 
individuals, ii) the colonisation rate to new and safer sites by outcrossed offspring after long-distant 
seed dispersal, iii) the mate choice rate, because it permits careful screening of partners, and vi) the 
speciation rate as a result of the co-evolution with pollinators and dispersers (Raven 1977, Regal 
1977, Burger 1981, Doyle & Donoghue 1986). Additionally, the carpels represent a potential 
isolation mechanism providing an additional force driving speciation. Gymnosperms were able to 
persist and dominate in extensive habitats where wind pollination is as effective as animal 
pollination. In environments reducing wind speed, such as the lowland tropical forests, anemophilic 
gymnosperms are especially inefficient. On the contrary, wind pollination may be of no particular 
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disadvantage where individuals are closely spaced, and features other than pollination mainly if not 
totally decide competitive superiority. 

Bond (1989) argues that the prosperity of angiosperms benefits from vegetative and reproductive 
strategies rather than from mate access and selection. On the one hand, the attributes associated with 
the herbaceous habit, such as rapid growth, short reproductive cycle, and low maintenance cost 
permit angiosperms to attain higher establishment rates in a larger array of habitats like ephemeral 
and early serai ones. On the other hand, the high productivity of some conifers results from the 
accumulation of several cohorts of leaves over long periods, rather than from the comparatively low 
leaf photosynthetic rate, a strategy reinforced by the great period of activity of functional tracheids, 
up to ten years (Braun 1963, 1970, ex Oldeman 1990). Gymnosperm seedlings indeed exhibit a 
single cohort of leaves and therefore represent a slow-growing phase, until sufficient growth rings 
are formed in the wood. The consequence of this phylogenetic constraint is that the regenerative 
stages tend to be restricted to sites or to successional stages characterised by low competition. The 
weedy seedlings permits many angiosperms a rapid colonisation and persistence in sites where 
conditions and resources stimulate rapid growth. Because of competition with such plants, 
gymnosperms would fail in establishing themselves, experience further decrease in growth, and 
suffer increased size-dependent mortality and vulnerability to pests, pathogens, and other stresses. 

The reproductive hypothesis for the rise to dominance in angiosperms based on biotic gene dispersal, 
mate choice, and speciation rate, favoured by the concomitant evolution of pollinators and dispersers, 
was criticised. The generalisation that wind pollination is comparatively less efficient than other 
mechanisms, because of lower pollen mobility, is questioned. Viable seeds of conifers located in 
dense forests were found at a considerable distance from the nearest reproductive parent (Bond 
1989). The occurrence of fossil (e.g., Benettitales) and extant (e.g., cycads) insect-pollinated, pre-
angiosperms species would indicate that zoophily has long preceded the appearance of the flower 
(Midgley & Bond 1991). The argument that biotic gene dispersal boosts the speciation rate is in 
conflict with the presence of very diverse families of wind-pollinated monocotyledonous and 
dicotyledonous plants, such as members of the Gramineae, Cyperaceae, Fagaceae, and 
Nothofagaceae (Midgley & Bond 1991). It is questionable whether or not this strategy represents an 
evolutionary force for angiosperm success, as many non-living and living gymnosperms depend on 
animals for dispersion. For instance, Givnish (1980) identified 357 wind-dispersed (monoecious 
with cones) and 447 animal-dispersed (dioecious with fleshy fruits) gymnosperms. The term "fruit" 
is used here in its ecological and functional sense, although gymnosperms have no genuine fruits. 
Furthermore, early angiosperms were abiotically dispersed, and fleshy fruits and appropriate 
frugivorous birds became common long after angiosperm radiation (Tiffhey 1984). The timing of 
early insect - angiosperm co-radiation, and the cause - effect relations remain obscure. For instance, 
Labandeira & Seproski (1993) proposed that the origin of many modern families of flower-visiting 
insects originated in the Jurassic. Therefore, the early radiation of angiosperms during the Cretaceous 
would have had no effect on insect diversity. Contrarily, Grimaldi (1999) argues that major 
anthophilic insects as bees, pollen wasp, flies, and Lepidoptera took place in the lower Cretaceous, 
and that the pattern of their diversification is consistent with the origin of entomophilous syndromes 
in early flowers. None of the two models provide an explanation for the existence of extensive 
conifer-dominated forests in the mild wet oceanic climates, such as the Pacific Northwestern Forests 
of North America. 
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Longevity and growth 

A distinction in life history between gymnosperms and woody angiosperms comprises longevity. 
Loehle (1988) compared 145 tree species from the northern hemisphere, reporting a mean longevity 
of 346 years for gymnosperms (average maximum longevity 596 years), and 139 years for 
angiosperms (219 years) (table 3). For southern gymnosperms, Enright & Odgen (1995) estimated a 
mean typical longevity of 486 years (range: Actinostrobus arenarius (Cupressaceae) 20 years, 
Fitzroya cupressoides (Cupressaceae) 1,200 years) (N= 28 species), and a mean maximum longevity 
of 771 years {Actinostrobus arenarum 100 years, Fitzroya cupressoides 3,621years) (N= 43). In New 
Zealand, Odgen & Stewart (1995) examined longevity of trees in mixed conifer-broadleaved stands, 
finding the same trend: a range of typical longevity between 370 and 524 years for broadleaved trees, 
and between 560 and 981 years for conifers. Longevity of southern angiosperms woody perennials 
appears to be similar to that of northern angiosperms (Enright & Odgen 1995). These results together 
with those reported by Loehle (1988), indicate that gymnosperms, regardless the geographic 
distribution, are intrinsically longer-lived than angiosperms. However, the greater capacity for 
reiteration following trunk damage or in crown expansion observed in several members of the latter 
group, as a result of rather weak architectural conformity, makes them virtually immortal (Halle et al. 
1978). 

Plant growth is a physiological process that depends on the interaction of several environmental 
resources (light, temperature, carbon dioxide, water supply, air humidity, nutrients), and conditions 
(e.g., salinity, pollutants, pathogens) (Kozlowski & Pallardy 1997b). Growth integrates 

Table 3: Compared mean values of different life history characteristics 
between gymnosperms and woody angiosperms from the northern hemisphere. 
The range (R) of the variables and the sample size (N) is indicated. 
Primary data compiled by Loehle (1988) . 

C h a r a c t e r i s t i c s 

Wood h e a t c o n t e n t (HC, J cm ) 

F i r s t r e p r o d u c t i o n (yr) 

T y p i c a l l o n g e v i t y (y r ) 

Maximum l o n g e v i t y (y r ) 
(s) Ave rage g rowth r a t e c l a s s 

G y m n o s p e r m 

Mean 

7 . 9 

36 

346 

596 

2 . 8 

R 

6 . 4 - 1 1 . 0 

1 2 - 100 

6 0 - 2 , 0 0 0 
1 5 0 - 3 , 5 0 0 

1-4 

N 

2 1 

47 

58 

55 

59 

A n g i o s p e r m 

Mean 

9 . 8 

29 

139 

219 

3 . 2 

R 

6 . 4 - 1 3 . 2 

2 - 7 5 

1 5 - 3 5 0 

1 5 - 6 0 0 

2 - 5 

N 

25 

58 

87 

7 1 

88 

Gymnosperms: Abies (8 species), Chamaecyparis (3), Cupressus (1), Juniperus (5), Larix (2), Libocedrus (1), Picea (6), 
Pinus (23), Pseudotsuga (1), Sequoia (2), Taxodium (1), Taxus (1), Thuja (2), Tsuga (3). Angiosperms: Acer (5), Aesculus 
(2), Alnus (1), Arbutus (1), Betula (4), Calluna (1), Carya (6), Castanea (1), Castanopsis (1), Catalpa (1), Celtis (2), 
Coffea (1), Comus (2), Diospyros (1), Dryas (2), Erica (2), Fagus (1), Fraxinus (5), Gleditsia (1), Ilex (1), Juglans (2), 
Liquidambar (1), Liriodendron (1), Lithocarpus (1), Madura (1), Magnolia (2), Morus (1), Nyssa (2), Ostrya (1), 
Platanus (1), Populus (6), Prunus (1), Purshua (1), Quercus (23), Rhamnus (1), Robinia (1), Salix (1), Sassafras (1), 
Thymus (1), Tilia (2), Ulmus (3), Umbellularia (1). (a) A measure of both physical and chemical defence costs. HC= wood 
density (g cm"3) * wood caloric content (J g"1). (b) Age at which trees produce a good crop of seeds, (c) Age of the older 
trees in an old-growth stand, (d) Upper known maximum above which very few trees are found, (e) Growth rate classes 
vary between 1 (very low growth) to 5 (veiy fast growth). 
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the effects of several other physiological and ecological mechanisms (e.g., photosynthesis, 
respiration, allocation, and competition). Tree growth habit involves a maximisation of the life-cycle 
length and a priority to height growth, via accumulation of functional, living or death, woody 
biomass in the stem in a very great proportion in relation to total biomass. This trend conducting to 
perennial, large-sized, long-lived plants is particularly extreme in gymnosperms, a group that would 
include the biggest and oldest organisms on earth (e.g., Sequoiadendron giganteum (Taxodiaceae) 
2,030 Mg, Pseudotsuga menziesii (Pinaceae) 126m, Pinus aristata (Pinaceae) 4,900 years). The 
evolutionary and ecological success of plants is strongly dependent on body size. A rapid growth in 
size should therefore increase the chances of an individual to escape early size-dependent inter- and 
intraspecific mortality, to reach reproductive size earlier, and to reproduce at a greater rate sooner 
(McGraw & Garbutt 1990, Tilman 1997). However, the relationship between individual plant growth 
and fitness is not simple. There are numerous and unavoidable trade-offs between allocation to high 
productivity and allocation to survival (e.g., defence against herbivores and frost) and reproduction 
(e.g., production of flowers, nectar, and seeds) (Crawley 1997a). For instance, the morphological and 
biochemical characteristics of a leaf positively correlated to maximum photosynthesis are negatively 
correlated to defence, desiccation, and physical integrity (Reich et al. 1992, Crawley 1997a). Broad 
comparative studies of growth rates among groups of plants provide a deeper understanding on the 
adaptive significance of growth variation and the potential trade-off with other characters. 
Syndromes of plant growth are the basis for the theories of plant life history strategies (e.g., Grime 
1979, Tilman 1997). 

Are there inherent differences in adult growth rate comparing gymnosperms and woody and 
herbaceous angiosperms, which in turn can be tested as an explanation of the divergent ecological 
roles played by both groups? Firstly, growth is certainly a property of the individual plant, and 
therefore an individual-based approach is essential from an ecological and evolutionary perspective. 
A comparative analysis primarily includes the interplay amongst the net photosynthetic rate of leaves 
(NAR, on the basis of area or weight), the amount of photosynthetic surface (leaf area index, LAI) 
and its duration (leaf life-span, LLS), the whole-plant respiration (R), the length of the growing 
season (T), and the pattern of photosynthate allocation between leaves and non-photosynthetic 
tissues (LWR, leaf weight ratio= leaf weight / plant weight) (Kozlowski & Pallardy 1997b). A fast-
growing leaf does not necessarily imply a fast growing plant, and a fast- growing plant at a certain 
development stage does not necessarily imply a fast-growing species. Secondly, comparative data 
are difficult to find because of the huge sources of variation involved in such measurements related 
to physical conditions, technical devices, growth parameters, period of measurements, pre-
treatments, and plant characteristics and provenance. For instance, short-term measurements of CO2 
uptake often have been made in controlled environments. However, such an environment may not be 
favourable to all species studied. Broadleaved species show photosynthesis equally efficient at low as 
well as at high light intensities, whereas several gymnosperms are much more efficient at a high 
intensity regime. Tranquilini (1962) found that the rate of photosynthesis oiLarix decidua (Pinaceae) 
was twice that of Pinus cembra on a leaf weight basis, but their rates were similar when expressed 
per leaf area unit denoting that the latter had a heavier leaf. 

In large woody plants, respiration cost associated to the progressive accumulation of non-
photosynthetic, supportive tissue is responsible for the decrease in individual assimilation rate 
compared to herbs. Nevertheless, is there a differential assimilation capacity between leaves of 
woody and non-woody plants? The idea that woody plants tend to exhibit an inherently lower NAR 
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than those of herbaceous plants, and particularly of agricultural crops, is present in literature (e.g., 
Jarvis & Jarvis 1964, Larcher 1980). Differences were attributed to some factors linked to wood 
formation, incompatible with high growth rates. However, Nelson (1984) compiled information on 
NAR and concluded that a variety of woody plants, including deciduous and evergreen angiosperm 
trees, angiosperm shrubs, and conifers are well within the range of the agricultural and herbaceous 
plants (table 4). Lower NAR erroneously attributed to woody plants was due to several confounding 
factors: measurement made in suboptimal environments, inadequate experimental control, utilisation 
of thin shade leaves with low NAR per unit area (Nelson 1984). 

Aboveground net primary productivity (NPP, at stand level basis) of temperate forests varies from 1 
to 40 Mg ha" yr", approximately (Jarvis & Leverenz 1983). Several sources of variation are 
encompassed within this interval. They are included the time within the development cycle the 
growth is measured, and the period of time over which growth is averaged (e.g., mean annual 
increment is frequently smaller than current annual increment (Smith et al. 1997)). Comparative 
studies on the aboveground NPP in broadleaved and conifers stands were seldom carried out under 
such similar conditions, as those found in close stands at comparable development stages. 
Nevertheless, those infrequent analyses show that the productive capacity of northern hemisphere 
conifers equals or exceeds that of broadleaved deciduous trees (Schultze et al. 1977, Alban et al. 
1978, Satoo & Madgwick 1982) (table 5). Also, they reflect the complex interplay of single growth-
controlling parameters as NAR, LAI, and T. Jarvis & Leverenz (1983) compiled data on maximum 
total NPP of temperate stands, concluding that there is no evidence of the claimed generalisation on 
the growth superiority of angiosperms over gymnosperms during the adult stage (table 6). In conifer-
dominated stands, the shape and mean value of the normal frequency distribution of NPP is 
equivalent to that in evergreen broadleaved-dominated stands, indicating also that both forest types 
exhibit a similar productivity pattern (Barnes et al. 1988). 

Table 4: Maximum mean values of net assimilation rate (NAR) of adult 
trees growing under an optimal condition. Primary data compiled by Nelson 
(1984). 

Species 

Agr icu l tura l p l an t s 
Angiosperms 

Alnus rubra 
Populus balsamifera x P.tristis 
Populus nigra x P.deltoides 
Salix ( several species) 

Gymnosperms 
Pinus rigida 
Pinus sylvestris 
Pinus taeda 
Pseudotsuga menziesii 

NAR 
(ugCOjg'V1) 

8.3 - 16.7 

11.1 
11.1 
12.3 

13.5 - 17.2 

14.5 
9.7 - 10.5 

11.1 
9.7 


