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Park, A. D., 200 1. Naniral Regeneration Dynarnics of a Managed Pine-Oak Forest in 

Mexico's Sierra Madre Occidental. Doctor of Philosophy, Graduate Department 

of Forestry, University of Toronto. 

The pine-oak forests of Mexico's Sierra Madre Occidental have been subjected to 

industrial logging for less than 50 years. They retain rnany pre-European settlement 

characteristics, including uneven-agcd stand structures and surface fires. However, 

logging is increasingly intensive, and the forests may be on the cusp of permanent 

change. 

The goals of this thesis were to (1) explore environmental and logging effccts on 

regeneration dynamics and stand structures in a managed Madrean forest. and (2) assess 

these effects in relationship to Forest Stewardship Council (FSC) certification principles 

for the management of natural forests. Natural regeneration dynarnics were expiored in 

relationship to logging and environmental influences. Microsite affinities of secdlings 

and spatial relationships between mature oak and pine trees were investigated under 

different fire regirnes. Finally. the effects of logging on stand structure trajectories was 

modelled under a variety of fire regimes. 

Environmental factors, particularly evidence of fire, accounted for four times more 

variation in species composition and abundance than year of harvest. Steep topography, 

minenl soi1 exposure, the occurrence of surface Stones and widespread evidence of fire 

were associated with regeneration of fire-adapted pine species. Oaks and shade tolerant 

pines were associated with fine-textured soils, deep litter layers and extensive crown 



cover. Patches of fire-resistant pine seedlings were associated with spatially 

heterogeneous minera1 soi1 and surface Stone microsites in frequent fire stands. In 

coritrast. oaks had weaker associations with deep litter and shade, and tended to be 

distributed randomly. Different diameter classes of adult pines were spatially dissociated 

in frequent fire stands. but clustered or distributed at random in stands with longer fire- 

free intervals. Longer fire-free intervals may also foster the formation of near- 

monospccific tree neighbourhoods. 

Many larger diameter trees are cut during logging. Residual diameter distributions 

are therefore skewed towards smaller diameter classes. However, models suggested that 

trees would grow into the larger diamrter classes and forest produciivity would be 

maintained under an intermediate (15 year) fire regime. Overall, while natural processes 

continue and natural regcneration was abundant on most sites, high grading and plans for 

fire suppression may impede any attempt to certiQ this cornmunity owned forest. 



Park, A. D., 200 1. Dinamica de la regeneracion natural en un bosque de pino-encino bajo 

manejo, en la Sierra Madre Occidental de Durango, México. Tesis doctoral. 

Facultad de Ciencias Forestales, Universidad de Toronto.Resumen 

Los bosques de pino-encino de la Sierra Madre Occidental de México han estado bajo 

aprovechamiento con fines industriales desde hace aproximadamente 50 afios. Muchas de 

sus caracteristicas pre-coloniales aiin se conscrvan, tales como la presencia de rodales 

incoetaneos y la ocurrencia de incendios superficiales. Sin embargo, su aprovechamiento 

ha sido cada vrz mas intensivo. al punto de causar cambios irreversibles en su estructura 

y cornposicion. 

Los objetivos de esta tesis fueron: 1) determinar los effecios de las conas y de los 

factores ambientales sobre la dinamica de la regeneracion natural y la estructura de los 

rodales en un bosque Madrense bajo manejo, y 2) evaluar la relacion de dichos efectos 

con los principios y ctiterios del Forest Stewardship Council (FSC) para el manejo de los 

bosques naturzles. La dinamica de la regeneracion natural se evaluo relacionando la 

intluencia de los factores ambientales y la cortas sobre la densidad de plantulas en los 

rodales. Se determinaron asimismo, las afinidades microambientales del renuevo y las 

relaciones espaciaies entre individuos maduros de encino y pino bajo diferentes 

regimenes de incendios. condiciones bajo las cuales se mode10 el efecto de las cortas 

sobre la estructura de los rodales. 

La variacion observada en la cornposicion y abundancia de las especies h e  cuatro 

veces mejor explicada por la evidencia de incendios superficiales que por el G o  de la 



corta. Caracteristicas superficiales como topografia escarpada, sue10 minera1 expuesto. 

pedregosidad superficial y evidencia de incendios extensivos, se asociaron con la 

regeneracion de especies de pino adaptadas al fuego. Especies de pino tolerantes a la 

sombra y encinos en general, se asociaron bien con suelos de textura fina, capas de 

hojarasca profundas y copas bien desarroladas. Grupos aislados de plantulas de pinos 

resistentes al fuego. en rodales con incendios frecuentes, se asociaron con micrositios 

cspacialmcnte heterogéneos presentando sue10 rninenl expuesto y pedregosidad 

superficial. Los encinos, por el contrario, mostraron una asociacion mas baja con 

hojansca profunda y condiciones de sombra, rnostrando ademas tendencia a una 

distribucion aleatoria. Individuos adultos de pino de diferentes clases diamétricas se 

obsemaron espacialrnente separados en rodales con incendios frecuentes, pero agrupados 

O distribuidos al azar en rodales con intervalos de incendio mas largos. Intervalos largos 

entre incendios pueden también promover la fomacion de rodales puros O al menos de 

pequefios grupos de individuos de la misma especie. 

Debido a que un alto nurnero de individuos de clases diamétricas mayores son sujetos 

a conas, las distribuciones diamétricas residuales estan sesgadas hacia clases menores. 

Sin embargo, los modelos sugieren que los arboles residuales podnan crecer en las clases 

mayores y que la productividad forestal se puede mantener bajo un régimen intermedio 

de incendios de aproximadamente cada 15 aiios. En general, mientras los procesos 

naturales continuan y la regeneracion natural es abundante en la mayona de rodales, la 

coaa selectiva de arboles de diametros mayores y los programas de combate de incendios 

forestales pueden dificultar cualquier intento de certification para este bosque ejidai. 
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Chapter 1 

GENERAL INTRODUCTION 

1.1. Summarv  

This chapter was written to (0 - summarize the forest policy trends that provided the 

initial stimulus for this research, (ii) - descnbe Our current state of knowledge, including 

research gaps. of the pine-oak forests of the Sierra Madre Occidental that were the 

subject ecosystem for my research, and (iii) - provide a summary of the contents and 

publication status of the research contained in chapters 2 - 5 of this thesis. 

The chapter begins with a brief summary of contemporary trends in forest policy, 

including the advent of "green certification". whose development has been driven by 

public concem. failures of state management. and the nascent field of ecosystem 

management. Research gaps and requirements that may block the adoption of these 

initiatives are described. The pine-oak forests of Mexico's Sierra Madre Occidental, 

which have corne under industnal exploitation fairly recently, provide subjects for 

research that could address some of these gaps. Their biogeography and Our current 

knowledge of their ecology are described and compared to the more extensively 

researched forests of the US southwest. Finally, 1 outline the major goal and objectives 

of this thesis, the contents of the research chapters and current publication status. 



1.2. Contemporary issues of susta inabi l i ty  and natural  
forest  management.  

1.2.1 Forest  sustainabil i ty,  ecosystem management  and certif ication.  

Recent, wide-ranging changes in Forest management philosophy, domestic and 

intemational policies and national forest laws provided the original motive for writing 

this thesis. These changes have inserted new terms, "sustainable forestry". "sustainable 

forests" and "ecosystem management" into debates over how to sustain forests in an era 

of increasing economic and societal demands. The idea of sustaining forests to secure the 

flow of timber products has been integral to forestry in Europe for two centuries or more 

(Knuchel 1953; Wiersum 1995; Spathelf 1997), and in Amenca since Gifford Pinchot 

promoted utilitarian conservation in the early 1900s (Brown and Peterson 1993; Wall 

1994, p. 136). In its contemporary formulation, sustainability has been broadened to 

include sustaining whole forest ecosysterns, not just for economic utility, but because 

they are "essential to the long-term well-being of local populations, national economies, 

and the eanh's biosphere.. .." (Working Group, 1995). 

The changing policy environment has been fuelled by an increasingly sophisticated 

body of scientific knowledge of forest ecosystem dynamics and a concurrent shift in 

societal noms. Ecosystem management has shi Red the focus of forestry Rom sustaining 

timber yields to sustaining the ecosystems providing those yields. Ecosystem 

management is now the guiding philosophy of the USDA Forest Service (Rauscher 

1999). A comerstone of ecosystem management is the use of or simulation of natural 

disturbance regimes that are prirnary agents of forest renewal (Lertzman et al. 1997). 

There is evidence that alteration of historie disturbance patterns, especially fire 



suppression in dry conifer forests in southwestem USA, can reduce forest productivity, 

and make forests less resilient in the face of potentially stand-replacing disturbances, 

such as crown fires and insect outbreaks. For example, increasingly severe outbreaks of 

eastem spruce budworrn are seen as a consequence of fire suppression by some authors 

(Attiwill 1994). In the southwestem USA, undentory fuel density and connectivity have 

increasrd to the point where destructive crown fires have replaced the previous, largely 

non-destmctive surface fire regime (Covington 1993; Fulé et al. 2000). 0' Hara (1996) 

found that uneven aged ponderosa pine stands with growing space dominated by older 

cohorts. a condition associated with surface fire, were more productive than stands with 

dense. young cohons. 

Biological diversity in Pacific old growth forests (Franklin 1988). the late 

successional charactenstics that suppon it (Lertzman et al. 1997)' mycorrhizal 

communities (Franklin 1993), diverse insect cornmunities and stand legacies supporting 

insectivorous birds (Harding 1994) have also been associated with concepts of forest 

health and resilience. 

Scientific consensus on the value of ecosystems managed for their fu l l  range of 

structural and dynamic attributes has coalesced into some common goals for different 

forest policy initiatives (Table 1.1). These goals, together with an expanded social 

dimension, have been formalized as management principles in vanous 'green' 

certification initiatives, notably those of the Forest Stewardship Council (FSC). These 

promote the conservation or restoration of pre-harvest ecosystem dynarnics, stand 

structure and natural regeneration patterns in "natural" and "high conservation value" 

forests (Forest Stewardship Council 1999. Table 1.2). 



Table 1.1 Genenc goals considered fundamentai to the sustainable management of 
forest ecosystems (adapted from Grumbine 1994; Naiman et al. 1997). 

Maintain viable popuiations of al1 (known) native species. 

Maintain al1 native ecosystem types across the natural range of their 
variation. 

Maintain evolutionary and ecological processes:- disturbance 
regimes, hydrological processes, nutrient cycles. 

Manage (the forest) over periods of time that are long enough to 
maintain the potential for species evolution to be accornmodated 
within the forest landscape mosaic. 

Accommodate and balance human occupancy and sustainable use 
within the above constraints. 

In the changed policy environment, silviculture is expected to play an expanded role 

as a tool for rnanaging forest ecosystems at the landscape scale (Benskin and Bedford 

1994: Smith et al. 1997; Swanson et al. 1997), including the disturbance regimes that 

detemine forest regeneration and development (Attiwill 1994). However, there is no 

operational definition of ecosystem management (Brown and Petenon 1993). which 

leads to competing interpretations (Gale and Cordray 1991) and difficulties in setting 

coherent management goals (Shannon and Antypas 1997: Rauscher 1999). 

Another problem, especially for implementing the FSC's certification criteria, is that 

we lack the data that auditors need to compare observed conditions to a managerial ideal 

(Elliott and Donovan 1996; Elliott and Hackman 1996; Putz 1996; Upton and Bass 1996). 

Such data deficits render fulfillment of the goals expressed in Table 1.2 dificult if not 

impossible. Finally, few examples of naturally disturbed forests remain to provide 

models for silviculiure or natural processes (Christensen 1989; Covington et al. 1997; 

Fulé and Covington 1997; Duinker et al. 1998). 



Table 1.2. Selected FSC cnteria and indicators relevant to maintaining funciional forest 
ecosystems (Forest Stewardship Council 1999). 

Principle 6: Environmental Impact. 
Forest management shall conserve biologicai 
diversity and its associated values, water 
resources, soils and unique and fragiIe 
ecosystems and landscapes, and, by so doing, 
rnaintain the ecological functions and integrity of 
the forest. 

Principle 9: Maintenance of high 
conservation value forests. 

Management activities in high consenation 
value forests shall maintain or enhance the 
attributes which define such forcsts. Decisions 
rcgardinç high conservation value forests shall 
be considered in the context of ri precautionary 
ripproach. 

6.3: EcologicaI functions shall be maintained 
intact, enhanced or restored, inc1uding:- 

forest regeneration and succession, 
genetic, species and ecosystem diversity. 
and 

natural cycles that affect the productivity 
of the forest ccosystem. 

9.3: The management plan shal1 include and 
irnplernent specific measures that ensure the 
maintenance andor enhancement of the 
applicable conservation amibutes. 

9.4: hnnual monitoring shall be conducted to 
assess the etTectiveness of the measures 
employed to maintain or enhance the 
applicable conservation attributes. 

1.2.2 Forest  explo i tat ion and research gaps in the  Mexico's  S ierra  
.Madre Occidental .  

The forests of Mexico's Sierra Madre Occidental provide an oppominity to assess 

some of the goals and criteria listed in Tables 1.1 and 1.2 while industrial Forest 

management is still in its early stages. Although serious degradation of Mexico's forests 

has been a fact of life since the early 19th Century (Sirnonian 1995), forest cover and 

natural disturbance regimes in the Sierra Madre Occidental remained relatively 

undisturbed into the hventieth century (Leopold 1937). 

Trees have been harvested in the Sierra Madre Occidental since at least the 1940's 

(Ernesto Alvaredo, personal communication), but widespread industrial exploitation dates 



from the 1960s (Institut0 Nacional de Estadistica 1997). Furthemore, federaliy 

mandated logging practices are conservative. Until 1980, 79% of logging was done 

under a diameter-limit selection system, the Método Mericano de Ordinacion de iCfontes 

( M M O M ) ,  which was gradually replaced in the 1980s by a modified sheltenvood system, 

the iWtodo de Ma~tejo Forestal de Desarroilo Silvicola (Method of Silvicultural 

Development or MDS. Rodriguez et al. 1993). The effects of using these silvicultural 

systems are poorly documented, especially with respect to their effects on natural 

regeneration (Jeffrey R. Bacon, unpublished repott, 1996). This lack of data could prove 

to be a serious impediment to "green certification", which is being actively sought or 

investigated by some forestry operations in the Sierra (Jeffrey R. Bacon, 1996. 

unpublished report; Jésus Soto Rodriguez, persona1 communication). 

1.3.  B iogeography of pine-oak ecosystems in Mex ico 's  
S ie r ra  Madre Occidenta l  

The pine-oak forests of the Sierra Madre Occidental grow in the Madrean 

biogeographic province, which is one of the most southerly biogeographic units of the 

Nearctic Realm (Brown et al. 1994). It is one of a senes of vegetation types whose 

ecotones are defined by strong East-West gradients of altitude and precipitation 

(Hemandez et al. 1992; Toledo et al. 1997, see Figure 1.2). On eastem aspects with less 

min fall, pine-oak forests intergrade with pure stands of oak and more diverse selva baja 

espinosa (tropical thom forest). At higher elevations under increased rainfall, pure stands 

of pine occur to be replaced at the highest altitudes and on north-facing siopes by a mixed 

coni fer vegetation type c haracterized by Abies sp. and Psectdotsuga menziessii (Felger 



and Johnson 1994). On the western slopes of the Sierra Madre Occidental, pine and pine- 

oak stands become common once more, grading into a narrow band of bosqire mesbjlo 

de moniatïa (montane cloud forest) and more extensive selva alta mediana 

slrbcadrrcifolia (medium-high tropical subdeciduous forest;Toledo et al. 1997). 

The altitudinal limits of pine and pine-oak communities are not well-defined due to 

the climatic and geomorphic complexity of the mountains. The east-west rainfall 

gradient determines the altitudinal sequence of plant communities, but the altitude at 

which any one of them occurs is modified by local conditions. For example, the 3000 m 

high Sierra de Juaréz and Sierra San Pedro Martir receive rainfall of 600 mm yr" and 

provide the southernrnost habitat for a number of California pines (Perry Jr. 1991). In 

Chihuahua. the mixed conifer type appears at 2100 mas1 and above (Felger and Johnson 

L994), while in Durango. pine-oak forests dominate to at least 2650 masl. Precipitation 

at over 2300 masi was 760 mm in the Rincon Mountain Wildemess of Arizona 

(Baisan and Swetnam 19901, but at Ojito de Camellones (2400 masl) in nonhem 

Durango, the 9 year rainfall average was 2200 mm yf' (Fulé and Covington 1997). 

Extreme rainfall variability does not impose well-de fined limits on the distribution of 

many species, implying the existence of ecotypes that are adapted to a variety of 

conditions. For example, Abies spp. and Pseudoisuga menziesii var. glauca survive in the 

semi-arid Sky Island mountains of the Mexico-USA border region (Felger and Johnson 

1994). but only occur in areas with over 1200 mm of precipitation in the central 

Sierra Madre Occidental. On the other hand, as one travels north, pine-oak forests are 

increasingly dominated by ponderosa pine (Pinus ponderosa) and Gambe1 oak (Quercus 

gambelii). Ponderosa pine has a wide ecological amplitude, and occupies different 



Figure 1.1. Distribution of Madrean pine and pine-oak forests in Mexico, together with 
their broad relationship to other Mexican temperate forests and the 
distribution of ponderosa pine (adapted from Perry Jr. 199 1; Brown et al. 
1 994). 



altitudinal zones according to its position along the mesic-xenc moisture gradient (Oliver 

and Ryker 1990; Richardson and Rundel 1998). 

With decreasing latitude in Central America and Mexico, latitudinal ranges of pine 

species first decrease but rise again. This phenomenon is probably associated with the 

extreme climatic and topographic heterogeneity that characterizes Central and Middle 

America (Stevens and Enquist 1998). The common pines of the Sierra Madre Occidental 

have limited ecological amplitudes relative to varieties of their ~ i ~ l o x ~ l o n '  cousin, Pinus 

pomferosa. However, there appears to be no current literanire on this subject. 

100 200 300 

Distance (Km) or Rainfall (mm - in italics) 

Figure 1.2 Distribution of vegetation types in an east-west transect across the Sierra 
Madre Occidental, (adapted from Hemandez et al. 1992; Toledo et al. 1997). 

*, ** These are cipproximate translations of the Spanish tenns for these associations. 

Diplonylon: rhe subgenus of Pinus whose needles have two vascular bundles. mostly decurrent leaf 
bracts and non-deciduous bundle sheaths (Perry 199 1 ) .  



1.4.  Natura l  d is turbance regimes in  southwest  ponderosa 
p ine  and Madrean pine-oak forests.  

1 . 1  Fire regimes in ponderosa p ine  ecosysterns 

It is now axiomatic that most rnountain forests of inland North Amenca (Figure 1.1) 

CO-evolved with forest fire regimes of varying frequency and severity. This frequency- 

severity spectmm has been described by Agee( 1993~). Each of seven frequency/severity 

combinations occupies a fairly discrete area bounded by moisture stress and a 

temperature growth index (see Figure 1.3 and Agee, 1993 Figures 1.4 and 1 S). 

Pine species grow under most reported fire regimes, adopting charactenstic survival 

and reproduction strategies in the face of different fire severities. In the most severe fire 

regimes. species such as Pinus banhiana and P. halapensis adopt evader strategies, 

dying as the tire ascends their crowns but being perpetuated through seeds stored in 

serotinous cones. In areas where frequent, low energy surface fires are cornmon, pines 

are commonly resisters - able to survive and heal scorched cambium, and avoiding 

crown fires by self-pruning the lower branches. Trees that sprout vegetatively from roots 

or stumps after stand thinning or stand replacing fires are termed endzirers (Agee 1998). 

Under moderate-severity fire regimes, species such as P. feiophyiia and P. rigida 

combine resister, endurer and evader traits, having thick bark, variable cone serotiny and 

the ability to resprout (Keeley and Zedler 1998). 

The historical fire regimes of the ponderosa pine forests of southwestem USA have 

been characterized in numerous studies. Area dependant fire retum intervals ranged from 

4 - 7 years across a 165 ha site to 16 - 38 years on 16 ha and 4 - 100 yean for individual 

trees (data summarized by Agee, 1998). Thus, the pre-European sealement fire regime in 



southwestern pine ecosystems was one of frequent surface fires, some of which could 

cover as little as 0.5 ha (Agee 1998). Natural regeneration of ponderosa pines under this 

fire regirne was both facilitated and limited by the frequent fires (Cooper 1960; Peet 

198 1: White 1985; Covington and Moore 1994). Pines regenerated on exposed mineral 

soi1 (Keeley and Zedler 1998) in multiple-tree (Cooper 1960) or single-tree gaps (White 

1985). Dense patches of seedlings and young trees were also thinned by subsequent fires, 

creating an open. park-like landscape of large pines (Peet 1981; Covington and Moore 

1994). 

After European settlement, tire suppression and grazing facilitated the development 

of dense thickets of small pines that were susceptible to insect infestation and infrequent 

but destructive crown fires (Cooper 1960; Covington and Moore 1994; Kolb et al. 1994; 

Covington et al. 1997; Fulé and Covington 1997). Use of controlled tire is now 

advocated as the key to restoring these degraded systems and reducing the elevated 

incidence of destructive wildfires that chancterize the contemporary forest (Sackett et al. 

1993). 

1.4.2 The role of fire in Madrean forests 

In Mexico, sparse populations and lack of resources for combating fires allowed 

unintempted frequent fires to continue well into the twentieth century. In 1937 Aldo 

Leopold drew a stark and unflattering cornpanson behveen the mountain forests of 

Chihuahua and those of the US southwest: "The Chihuahua Sierras bum over every four 

years. There are no il1 effects, except that the pines are a bit farther apart than ours, 

reproduction is scarcer, there is less juniper and there is much less bmsh ..... But the 



watersheds are intact, whereas Our own watenheds, sedulously protected from fire, but 

mercilessly grazed before the forests were created, and much too hard since, are a wreck" 

(Leopold 1937). 

Since Leopold praised the unspoiled Sierra Madre Occidental (see Figure 1.3a), 

exploitation of the pine-oak forests has accelerated in intensity, with the greatest increase 

in industrial activity taking place from the late 1950's onwards (Rodriguez et al. 1993). 

However, in spite of a growing realization that fire can bring ecological and silvicultural 

benefits (Rodriguez and Sierra 1992; Alanis-Morales 1993), it is generally regarded as a 

destructive anthropogenic force (Fisher et al. 1995; Estrada. unpublished manuscript; 

Gallegos et al. 1999). The study of fire and fire ecology has not been institutionalized in 

Mexico's forcstry programs, and as a result the importance of fire in stand development is 

poorly understood by many Mexican forest managers (Gonzalez-Caban and Sandberg 

1989). 

Leopold's estimate of a four year interval between successive fires in Chihuahua was 

remarkably close to modem dendrochronological estimates from the few fire studies so 

b r  completed in the Sierra Madre Occidental. At 30-70 ha sites near Topia, northem 

Durango, Fulé and Covington (1997) reported mean fire return intervals of 3.79 - 5.94 

years for years in which al1 scars From a site were included. In Michilia Biosphere 

Reserve in the foothills of the Sierra Madre of southeast Durango, fire intervals were 1.69 

- 2.27 years before 1945. Some sites at Topia and most of Michilia (except for the 

reserve core) have experienced long fire-free intervals since 1945, probably due to the 

combined effects of heavy grazing and active suppression (Fulé and Covington 1999). 

As in the U. S. pine forests, long fire free intervals were associated with dense pine 



thickets and the multiplication of oaks, probably through vegetative reproduction (Fulé 

and Covington 1998). There do not appear to be other references, either in the English or 

Spanish literatures, that explicitly describe fire regimes in the Sierra Madre Occidental. 

Fire frequencies are thus unknown for most parts of the Sierra Madre Occidental. 

However, historic fire regimes are probably being increasingly disrupted in the Sierra 

under the growing impacts of industrial forest harvesting and grazing. Therefore, future 

opportunities to study Madrean pine-oak forests in their pre-Spanish settlement condition 

may be limited. 

Although fire regimes are poorly known, insight into the probable character and 

frequency of forest fires can be gained by looking at the rnorphology and ecophysiology 

of the dominant tree species. Most Madrean Diploxylon pines (e.g. Pinus durangensis 

and P. reocole) share the resister characteristics of P. ponderosa (see Figure 1.3b). One 

(P. engelmanii) has a grass stage like P. palzistris (longleaf pine) in the southwestern 

USA, and P. leiophyh, combines resister, endurer and evader traits (Keeley and Zedler 

1998, see Table 1.3 and Figure 1.3~).  These characteristics are consistent with frequent 

to infrequent surface fires and occasional stand thinning or replacing fires (Figure 1 A). 

Even less research exists for Madrean oak species than for pines. They are 

commonly assumed to reproduce pnmarily from stump and root sprouts. However, with 

39 species of this diverse genus growing in Durango alone (Bacon 1997), generalizations 

about modes of reproduction are probably unwise. Studies from the USA report root and 

stump sprouting in a number of oak species (Borrnan and Rittenhouse 1980a; Rebertus et 

al. 1989a; Berg and Hamrick 1994; Barton 1995; Peterson and Jones 1997; Barton 1999). 



Figure 1.3 (a) A typical Madrean pine-oak stand near ejido Vencedores showing multi - 
layered stand structure, (b) cat-face scar on Pinics durangensis, showing 
multiple tire scars (arrows), and (c)  exceptionally thick bark of Pinlis 
leiophylla. 



In the Sierra Madre Oriental, Quercus cambii and Q. rizophyila regenerated abundant, 

fast-growing root sprouts following a destructive wildfire in Chapinque Ecological Park 

(Jorge Gana Espana, personal communication), and there is evidence that some 

common Madrean oaks reproduce from sprouts (Fulé and Covington 1998). Oaks 

therefore seern likely to adopt an endurance strategy in the face of frequent fire, but the 

reproductive characteristics of individual species and their responses to different Tire 

regimes remain to be described. 

Moisture Stress Index 

Probable fire redmes 

- Most common 

- Less common 

O - Little influence of tire 
1 - Infrequent light surface fire (> 25 yr. intervals) 
2 - Frequent light surface fires (1  - 25 y. intervals) 
3 - Infrequent severe surface fires (> 25 yr. intentais) 
4 - Short return interval crown or severe surface fires (25 - IO0 yr. intervals). 
5 - Long return interval crown or severe surface fires (100 - 300 yr. intervals) 
6 - Very long return interval crown or severe surface fires (> 300 yr. intervais) 

Figure 1.3. Fire regirnes of rnountain forests in the Pacific Nonhwest of the USA 
(adapted from Agee 1993~). Probable fire regimes in Madrean pine-oak 
forests are s h o w  in various intensities of grey stipple. 



In sumrnary, although fire regimes in Madrean forests are poorly known, 

contemporary studies and pine tree morphology suggest that fire retum intervals across 

much of the Sierra Madre Occidental will be comparable to those of the southwestern 

USA and parts of the US Pacific Northwest. Characteristics of some trees (P. leiophylla, 

P. oocarpa and P. ayacaltirite) are consistent with longer fire-retum intervals in some 

locations. The rolos of fire in molding natural regeneration communities, and its 

importance relative to other natural and anthropogenic factors that affect regeneration, 

have yet to be fully described. 

Table 1.3. Some characteristics of selected Madrean pines and their possible fire 
associations (sources: Perry Jr. 199 1 ; Keeley and Zedler 1998). 

Pine Grass Cone Thick Self- Fire 
Species Stage Resprouts Serotiny Bark Pruning Regime 

- -- 

durangensis 

leocote 

engelnian ii 

leiop hylla 

cooperi 

oocarpa 

ayacahiiire 

ponderosa 

- 

-- -- -- -t3-i+ ++++ PSF/PST 

-- -- -- i-+u ++++ PSF/PST 

++f +/-* -- fff+ tttt PST 

-- +-tu +/- +-t+ +++ PSR 

-- -- -- 4- u-u PSR?? 

-- ttu ++++/- 4- i- PSR 

-- -- -- -- -- USR 

-- -- -- fft+ tt4t PSF/PST 

* Andrew Park, personal observation 
PSF - Predictable surface fire 
PST - Predictable stand thinning fire 
PSR - Predictable stand replacing fire 
USR - Unpredictable stand-replacing fire 



1.5.  Thes is  Research 

1.5.1 Thesis goals and object ives  

The FSC's certification principles mandate the protection of ecosystem functions, 

natural cycles and forest anributes that are considered important for biological 

conservation, and for maintaining ecosystem services and forest productivity. To assess 

the complete ecosystem dynamics of Madrean pine-oak forests would be beyond the 

scope of one thesis. 1 chose instead to study the dynamics and environmental 

associations of post-harvest natural regeneration, because ecosystem hnctions must be 

described and undentood before they can be conserved. Stand structure and spatial 

dynamics of mature trees are also described as they provide indirect measures of 

processes of stand development. In this way, 1 hoped to simultaneously indicate factors 

that contribute to successful post-harvest regeneration and assess the results of current 

harvesting practices against the FSC principles and critena in Table 1.2. 

The scientific goals of the thesis were, therefore: 

(1) Explore and describe environmental variables dnving patterns and processes 

in post-harvest natural regeneration in a managed Madrean pine-oak forest. 

(2) Investigate the relationships between natural regeneration, environment and 

stand dynamics of mature trees. 

A number of objectives c m  be outlined in service of the primas, goals. These 

roughly approximate the contents of the research chapters of the thesis: 



(1) Quanti& relationships between site environment, harvesting effects, 

natural disturbance and the abundance and species composition of post- 

harvest natural regeneration. 

(2) Determine microsite variables that favour or inhibit pine and oak 

regeneration in different stand environments. 

(3) Explore intraspecific and interspecific spatial patterns in trees and 

seedlings to provide insights into stand development and cornpetitive 

interactions in di fferent stand environrnents. 

(4) Analyze the effects of logging on current stand structures and possible 

future stand development. 

1.5.2 Reserrch chapters  and synthesis  

This thesis is presented as a senes of related chapters. Following the general 

introduction, Chapter 2 explores the role of logging versus environmental factors in 

detemining the sbundance and species composition of natural regeneration comrnunities. 

Chapter 3 expands this study io include an exploration of regeneration-environmental 

relationships in stands that have experienced different recent fire regirnes. Chapter 4 

explores interspecific and intraspecific spatial relationships of trees in size classes 

ranging frorn seedlings through pole stage trees to the largest diarneter stems. Possible 

explanations for the observed interactions are examined, including cornpetition, 

neighbourhood effects and the impacts of disturbance on the distribution of regeneration. 

In Chapter 5, the effects of recent logging on stand structure are examined and possible 

future trajectories of stands subjected to different disturbance regimes are modelled. 



Finally. in Chapter 6 1 offer a synthesis of the results, and place them in the context of (a) 

- the sustainability of current harvesting practices, (6) the capacity of those practices to 

conserve the historic character of the forest. and (cl - the potential of those harvesring 

practices to meet the requirements of FSC certification. 

1.5.3 Publication status of research chapters. 

The rcological studies in Chapters 2 to 5 are either in press (Chapter 2). will shortly 

be subrnitted. or are in review. Because of the need to explain the background and 

justification of the study in cach published paper. some repetition of introductory and 

methodological information has been inevitable. The thesis chapters also differ in minor 

ways from the papen submitted for publication. For rxample, complete sets of diagrams 

have been used in some chapters rather than the examples that were submitted for 

publication. 

Chapter 2: 

Chapter 3: 

Chapter 4: 

Chapter 5: 

Park. A.. 200 1. Environmental influences on post-harvest natural 

regenerat ion of pine-oak forests in the Sierra Madre Occidental. Durango. 

Mexico. Forest Ecology and Management 144: 2 13-228 

Micro-environment. tire regimes and natural regeneration in pine-oak forest 

of the Sierra Madre Occidental. Durango. Mexico (szrbtnirted ro Ecological 

Applications). 

Spatial Segregation of Tree Communities Under Different Fire Regimes in 

the Sierra Madre Occidental (sitbmirted to Plant Ecologi*). 

Effects of recent logging on residual forests structure and future stand 

aajectories in pine-oak forests in the Sierra Madre Occidental. 



Chapter 2 

ENVIRONMENTAL INFLUENCES ON POST-HARVEST NATURAL 

REGENERATION OF PINE-OAK FORESTS IN THE SIERRA MADRE 

OCCIDENTAL, DURANGO, MEXICO 

2.1 Abs t rac t  

Pine-oak forests in Mexico's Sierra Madre Occidental are increasingly harvested for 

industrial wood production, but few studies have investigated post-harvest stand 

dynamics or natural regeneration. The influence of environment. harvest year and stand 

location on natural regeneration was studied in 27 post-harvest and two undisturbed 

stands in the Madrean pine-oak forest of Durango state. Multivanate analyses showed 

that local environmental factors. including surface fires. continue to structure tree 

seedling communities more strongly than harvesting. Environmental factors explained 

50% of the species variance, while year of harvest and the spatial distribution of stands 

explained 13% and 7%, respectively. Regeneration of Pinrcs durangensis, P. ieocote and 

Qtiercics crassifolia was more abundant on sloping sites with stony soils and low 

vegetation cover that had expenenced recent surface fires. Quercus sidero-rylla, 

Jtînipencs deppeana, P. leiophylla and P. cooperi were favoured on valley bottom sites 

with deeper, fine-textured soils. Although stand spatial distribution had a minor role in 

stnicturing seedling communities, spatial autocorrelation in the distributions of single 

height classes of P. durangensis and P. teocote may account for some of the species 



variance that was explained by harvest year. The topographie and soil factors that 

influence the species composition of natural regeneration in stands may also modi@ fire 

frequency and intensity, and thus affect seedling establishment. While current logging 

practices in the Sierra Madre allow natural regeneration to continue, Mexican foresters 

should consider incorporating natural disturbance regimes into their management 

prac tices. 

Keyivords: Natural regeneration; Mexican silviculture, Madrean forcst, pine, oak, surface 
fire. 

2 .2  In t roduct ion  

Recent forest policy and 'green' certification initiatives have emphasized the need to 

manage temperate forests to conserve multiple values, including biological diversity, soil 

and water conservation, and non-timber products (e.g. United Nations 1992; Working 

Group. 1995: Forest Stewardship Council 1996; Canadian Council of Forest Ministers 

1997). Some management criteria, such as those of the Forest Stewardship Council 

(FSC), promote the conservation or restoration of pre-harvest ecosystem dynamics, stand 

structure and natural regeneration patterns in "natural" and "high conserva:ion value" 

Forests (Forest Stewardship Council 1999). Sihiculture, in the changed policy 

environment, is expectea to play an expanded role as a tool for managing whole forest 

ecosystems (Benskin and Bedford 1994; Smith et al. 1997; Swanson et al. 1997)' 

including the disturbance regimes that determine forest regeneration and development 

(Attiwill 1994). However, few examples of naturally disturbed forests exist to serve 



either as models for silviculture or yardsticks for the application of policy (Fulé and 

Covington 1996; Covington et al. 1997; Duinker et al. 1998). 

Until recently, a shortage of fire fighting resources (Gonzalez-Caban and Sandberg 

1989) allowed a regime of frequent surface fires to continue unintempted in the forests 

of the Sierra Madre Occidental (Fulé and Covington 1996). Furthemore, until 1973 the 

federally sanctioned silviculture system was a forrn of single tree selection (Rodnguez et 

al. 1993) that probably had little impact on stand structures. By contrast, a century of fire 

suppression and overgrazing have profoundly altered stand stmctures and regeneration 

dynamics in the Madrean forests of the USA (Cooper 1960; Marshall Jr. 1962; Covington 

and Moore 1994; Covington et al. 1997). 

Since 1960, industrial logging of Mexico's diverse Madrean forests has intensified 

(Institut0 Nacional de Estadistica 1997), and has been accompanied by a trend towards 

increased fire suppression (Fulé and Covington 1994, 1996). The effects of this 

exploitation are poorly documented, and current research priorities include investigating 

the effects of management on natural regenetation. and improving understanding of 

natural fire regimes (Ffolliott et al. 1992). From a policy perspective, there is an 

opportunity to investigate the effects of forest management on natunl disturbance 

regimes and regeneration dynamics while industrisl exploitation is still in its early stages. 

In this paper, 1 explore the relative importance of harvesting regime, environmental 

factors (including natural disturbance), and spatial distribution of forest stands in a 

managed pine-oak forest in the Sierra Madre Occidental of Durango, Mexico. 1 address 

the following research questions: (1) what are the primary environmental influences on 



the regeneration of al1 tree species in a harvested area of the Sierra Madre Occidental?; 

(2) to what extent has harvesting replaced natural disturbance as a driving force in the 

regeneration of forest stands?; and (3) since stands tend to be spatially clustered 

according to harvest year (see Figure 2. l), do stand geographical coordinates influence 

the apparent role of harvest year in determining patterns of natural regeneration? In 

answenng question 1. 1 extend previous studies from the Sierra Madre Occidental that 

have concentrated on the post-harvest regeneration of pine alone (Snook and Negreros 

1987; Valencia 1992; Estrada et al. 1999). Question 2 addresses the important policy 

issue of whether natural disturbance regimes can be expected to survive in an intensively 

managed forest. Question 3 allows for the fact that stands harvested in different years are 

spatially aggregated by the forest management agency for practical reasons. However, 

this aggregation means that localized environmental effects could be confounded with the 

effects of the localized distribution of harvest years. 

2.3 Methods 

2.3.1 Study a r e a  

Study sites were located in a 23,790 ha. managed forest in the western Sierra Madre 

Occidental, approximately 190 km southwest of the city of Durango. The forest lands are 

a communally controlled land base (or ejido) jointly owned by the family heads (or 

ejidararios) of the village of Vencedores, but the technical aspects of forest management 

are overseen by a federally appointed management agency, the UCODEFO No. 1. 

Vencedores' economy is almost completely dependant on forest products. 





The forest contains pine-oak, oak-pine and pure pine forest types that are typical of 

the Central Region of the Sierra Madre Occidental at a mean altitude of 2600 mas1 

(Hemandez et al. 1992). Precipitation increases from 800 mm yr-' to a peak of over 1200 

mm yr-' at the highest point of an east-west arc of elevation (Anchondo 1991), with 

pronounced maxima between the months of June and September (UCODEFO No. 4, 

unpublished data). Most of the forest lies within Koppen's sub-humid cool-temperate 

climatic regime, experiencing mean annual temperatures between 5 O C  and 12°C and 

winter minima of about 3°C (de Miranda 1981). Soils are eutric regosols, eutic 

cambisols and lithosols. They are mostly Young, poorly differentiated, and in the case of 

lithosols. frequently less than IOcm. deep (UCODEFO No. 4, unpublished data). 

2.3.2 Harves t ing  regime 

Mexican forestry practices are determined by the Federal Govemment and comprise 

two basic silvicultural systems. From 1960 - 1980, 78.8% of harvesting was done using 

a diameter-limit selection silvicultural system, the Mérodo Me-ricano de Ordinaciun de 

iLlontes ( M M O M ) .  In 1973, a second technique, the Metodo de hfunejo Forestal de 

Desan-ullo Silvicola (Method of Silvicultural Development or MDS) was developed 

under the P h  de Mejoramiento Silvicola (Plan for Silvicultural Improvement) 

(Rodriguez et al. 1993). The MDS resembles a modified shelterwood system which 

ideally consists of five stand entries at 16 year intervals. The first three entries are 

aclareos (thinnings), and these are followed by a corta de regeneracion (regeneration 

cut) which removes 38 - 640  of the residual basal area (Planning database, UCODEFO 

No. 4). Later, subject to adequate germination and survival of natural regeneration, a 

corta de liberacion (liberation cut) may be used to remove residual adult trees. 



Vencedores' forests have been subjected to planned harvests using the MDS since 

1989, with the MMOM being used on slopes steeper than 50%. The MDS silvicultural 

cycle is therefore in its early stages, but any MDS treatment may be prescribed, 

depending on existing stand structure and the judgement of the foresters ( h g .  Ramon 

Silva, personal communication). In selectively applying these treatments, the aim is to 

progressively "normalize" stand ages in the working forest to allow equal areas of even- 

aged stands to receive one of the 5 MDS treatments annuall y (Anchondo, 199 1 ; hg.  

Jesus Soto Rodriguez, persona1 communication). 

2.3.3 Study Sites 

Twenty-seven regeneration-cut stands and two unharvested stands were sampled 

between May and November 1997. Stands were located within 20 km. of Vencedores in 

the core area of pine-oak forest between latitudes 24' 23' - 24' 36' N and longitudes 105" 

37' - 105" 50' W. Harvested stands lay between 2440 and 2520 masl, were equally 

distributed amongst three harvesting periods (1  990-9 1, 1993-94 and 1 996), and were 

geographically grouped by harvest year. Earlier-hamested stands were grouped in the 

west, where rainfall averages 1130 mm yf', while later-harvested stands were scattered 

around the ptreblo of Vencedores which receives 850 mm (UCODEFO No. 1, 

unpublished data). The two unharvested stands Iay in a steep barrunca at 2240 masi. 

Few other completely unharvested stands existed, al1 were in similar locations and were 

inaccessible at the time of sampling. Local people reported that rainfall in the barrancas 

is a little higher than around Vencedores. 



Candidate stands were initially selected from resource inventory maps and aerial 

photographs. Selection concentrated on stands listed as having site quality I or II 

(equivalent to site indices of 18.5 m and 15 m at age 50, UCODEFO No. 4, unpublished 

report). The suitability of these stands was checked in the field, and those with large 

areas of bare rock, or in which the regeneration cut had not been applied, were excluded. 

2.3.4 Sampling 

Although stands were small (average area = 11.8 ha), topography, vegetation cover, 

signs of fire and harvesting intensity varied within them and seedlings often had 

obviously patchy distributions. Seedlings and saplings were therefore sampled on a grid 

of 50 m2 (10 x 5 m) plots, 20 - 30 plots per stand placed at 40 m intervals, to capture 

representative samples of regeneration patches and environmental conditions. Placement 

and orientation of plot grids were determined from random compass bearings and 

distances measured from stand corners. Grids were usually rectangular but were 

occasionally made irregular to avoid placing plots too close to stand edges or cliffs. 

Sample grids covered 3 - 4 ha. of each stand and sampling intensity within the grid was 

approximately 3%. 

1 divided seedlings and saplings into four height classes: O - 10 cm.. > lOcm. - 

50cm.. > 50cm. - 150cm.. and > 150 - 300cm, to indicate broad age categories of 

regeneration. Oak and Arbutus seedlings were further defined as being less than five cm. 

in diameter at breast height (dbh) to separate younger saplings from older trees that were 

often less than three metres ta11 because of eccennic growth habits. 



Trees were sampled using point-centred quarters (PCQs) (Cottam and Curtis 1956; 

Mueller-Dombois and Ellenberg 1974) centred on each seedling plot. Tree 

measurements included species, diameter at 1.3 m above the root collar (dbh), height, 

canopy dimensions along north-south and east-west axes, and physical condition, 

including the presence of fire scars and charcoal stains on bark. Any pine taller than 3 m. 

was deiïned as a tree. Oaks, Arburzrs spp. and junipers were defined as trees when they 

were taller than 3 m., or in the case of specimens shorter than 3 m, when their dbh was 

greater than 5 cm. These latter definitions allowed for the stunted growth of older, 

reproductively mature trees in these species groups. Live trees, snags and snimps were 

included in the tree sample. Pine seedlings were also sampled in PCQs to measure their 

heights and estimate their ages by counting internodes. Oak ages were not estirnated 

because their eccentric growth habits make the identification of growth increments 

uncertain (Jeffrey R. Bacon, persona1 communication). Annual rings in oak sections are 

also difficult to observe, and root collar sections from pines were heavily infested by 

fungi before they couid be cross-checked against the numbers of intemodes. 

Measurements of topography, soil conditions and disturbance were made in each 

seedling plot. Topographic variables included aspect in degrees, dope gradient in percent 

and slope position measured on a nine point scale fiom ndge crest or plateau to toe of 

slope. Percentage cover of surface Stones, exposed minera1 soil and total vegetation was 

estimated by eye to the nearest 5%. Soi1 charactenstics were measured in srnaIl pits 

directly adjacent to the seedlings measured in PCQs. To obtain a representative sample 

of the varied soil conditions, iwo pits were dug in each plot. Linear soil measurements 

included total depth of the LFH layer and the depth of the A horizon. Minera1 soil texture 



in the rooting zone was estimated manually according to Bates et al. (1988), and 

expressed on a 12 point scale. I defined the rooting zone as the depth in the soi1 profile at 

whic h the first lateral roots of tree seediings could be seen. 

Finally, to determine the date of the most recent fire in each stand, 1 cut partial 

wedges from living fire-scarred pines and some complete sections from stumps. Between 

3 and 10 scar sections were taken in each stand, along with 30 - 50 pine increment cores 

(2 in each PCQ) which were extracted at breast height ( 1.3 m). Sections and cores werc 

surfaced with progressively finer grades of sandpaper, and their annual increments 

measured using a stereo microscope connected to a video-based tree ring measurement 

system. The presence of possible false rings and the position of fire scars were noted at 

this time. Fire scar sections and cores from older trees were cross-dated for each stand by 

comparing graphs of individual fire scar and core increments over a light table 

(Schweingniber 1988). Raw fire dates were adjusted from the resulting stand level 

chronologies. 

2.4 Stat is t ica l  summaries and ana lys is  

To answer the three research questions, I adopted a three-stage analytical strategy. 

Species-environrnent relations, the influence of harvesting and the possible effects of 

stand spatial distribution (questions 1, 2 and 3) were explored using full and partial 

multivariate ordinations. Full and partial ordinations can be combined to calculate the 

proportion of variance in a species matrix explained by different subsets of predictor 

variables and the covariance that may exist between them (ter Braak 1995). Ln this 

instance the predictors were matrices of environmental variables, stand coordinates and 



harvest yean. Question 2 was explored further by analyzing between-harvest year 

di fferences in the height class distributions of the three most widespread and dominant 

seedling species using canonical discrimination analysis (CDS). If the regeneration cut 

of an MDS enhances natural regeneration, older cuts should have more saplings from the 

tailer height classes while later cuts would have more younger seedlings. However, 

apparent harvest effects could be confounded with the influence of spatially localized 

environmental variables because of the non-random distribution of harvest years amongst 

stands. Therefore, 1 used Mante1 tests (Mante1 1967; Legendre and Fortin 1989) to probe 

for spatial structure in distributions of the species analyzed in the CDS (question 3). 

2.4.1 Mult ivar iate  analys i s  

Seedling data were summarized as stand averages of 50 m2 plot counts and ln + 1 

transformed to reduce the range of species variation (ter Braak 1987; Borcard et al. 

1992). Environmental variables were also summanzed as stand averages and 

appropriately transformed. Aspect was transfomed to a positive cosine wave function 

with values between two (at 45') and zero (at 225') to provide an interpretable directional 

variable (Beers et al. 1966). The average area occupied by each tree and average crown 

area (in m') were calculated from the PCQ data and loglo + 1 transformed to make their 

variances more independent of their means. Th: proportion of trees bearing fire scars or 

charcoal stains in each PCQ was arcsin square root transformed and used as a surrogate 

measure of the extent of previous fires (Fulé and Covington 1996). 

1 used detrended correspondence analysis (DCA) to explore whether the underlying 

environmental response mode1 for the seedling data was linear or unimodal. The fint 



two DCA axes were, respectively, 2.7 and 1.6 standard deviations long, suggesting that 

redundancy analysis (RDA), an ordination technique that uses a linear environmental 

response model, could be used for these data. RDA also provides more information in its 

biplot than unimodal methods and is less sensitive to the presence of rare species (ter 

Braak 1995). 

The rnethod of combining partial and full RDAs to calculate variance and covariance 

contnbutions of environmental and spatial matrices was developed by Borcard et al. 

(1992) and extended by Qinghong and BrAkenhielm (1995). An initial RDA between the 

species rnatrix and a third degrce polynornial of the stand coordinates was used to detect 

linear and non-linear effects of stand distribution (Borcard et al. 1992, see Appendix 1.1; 

Legendre and Legendre 1998). Significant monomials, in this case only the X and Y 

coordinates. were extracted using the forward selection option in CANOCO (ter Braak 

1988a) and used as the spatial matrix in subsequent partial RDAs. 

Full and partial RDAs were used to establish the variance contnbutions of single and 

pairwise-combined predictor matrices with and without deducting covariance with the 

remaining sets of predictors. Unique variance conlributions of single sets of predictors 

were eas 

matrices. 

matrices 

ly determincd by deducting covariance due to the remaining hvo predictor 

The covariance shared by each pair of predictor matrices and a11 three predictor 

together was tien calculated using the method outlined by Qinghong and 

BrAkenhielm (1995, Appendix 2.2). Significance of the total canonical variation in each 

RDA was tested with 9,999 Monte-Carlo simulations of the reduced model in CANOCO 

at a Dunn- Sidak corrected alpha of 0.0043. 



2.4.2 Canonical  Discr iminant  Analysis  (CDA)  

I used CDA in the CANDISC routine of SAS to test whether height class distributions 

of the three dominant seedling species could be used as indicaton of the year in which 

stands were harvested. Test data were Loglo (x + 1) transformed height class 

distributions of Pinus durangensis, Pinrcs teocote and Qziercus sidero-rylla from the 25 

stands where these species were dominant. Canonical discriminant analysis is a 

multivariate technique related to principal components analysis that tests the validity of 

experimental groups whose defining characteristics cannot be controlled by the 

researcher. The technique maximizes canonical correlations of quantitative variables (in 

ihis case. species height classes) within the predetermined classification groups (harvest 

yean) to which they belong. The nul1 hypothesis was that canonical correlations between 

height classes within harvest years were al1 zero, in which case harvest yean would be 

indistinguishable based on their species height class distributions. An advantage of using 

CDS is that it retums pararnetric tests of between-group differences and multivariate 

measures of the ecological distance between replicaies. CANDISC retums ANOVA and 

MANOVA tests of the differences between individual and pooled height classes in 

different harvest years. Mahalonobis distances, ecological distance measures that 

account for correlations between species (Legendre and Legendre 19981, tests of their 

significance and biplots of canonical axes are also returned (SAS Institute Inc. 1988a). 

The two unharvested stands could not be used as a response class because CDA requires 

that each response class contains more replicates than the number of predictor variables 

(Tabachnick and Fidell 1989). 



2.4.3 Between-stand spatial analyses 

After examining the results of the CDA, simple Mante1 tests were used to determine 

whether height class abundances of the dominant seedling species were correlated with 

distance behveen stands. The Mante1 statistic measures the correlation between 

triangular matrices representing measures of geographical and ecological distance 

between a set of plots or stands (Legendre and Fortin 1989; Leduc et al. 1992). 1 

calculated simple Mantel correlations using differences in average seedling abundance in 

individual height classes as the measure of ecological distance (12 tests in all). 1 also 

used partial Mante1 tests to test for spatial correlations between significant environmental 

variables from the RDAs and seedling height classes that were significant in simple 

Mante1 tests (Legendre and Fortin 1989). Significance of the correlations using a Dunn- 

Sidak adjusted alpha level (SAS Institute Inc. 1988b) was tested with 9999 random 

permutations of one of the original matrices. Al1 tests were done using the program 

TFPGA (Miller 1997). 

2.5 Resu l ts  
-- 

2.5.1 RDA analyses 

Figure 2.2 illustrates the results of analyzing the proportion of species variance 

explained by environmental factors, harvest year, stand coordinates, and the covariance 

between them. After deducting al1 sources of covariance, 12 environmental variables 

explained 50.2% of the residual species variance. Covariance from al1 sources was low 

(5.2%), and environmental factors were distributed nearly independently with respect to 

other predictors. Harvest year continued to account for 13.0% of species variance after 



allowing for covariance, irnplying some influence of harvesting on regeneration. Stand 

coordinates retained the lowest unique influence on species data, 43.4% of their 

explanatory power being accounted for by covariance with other factors. 

After removing the influence of harvest year and stand coordinates, axes 1 and 2 

(RDAI and RDA2) of a partial RDA respectively captured 30.7% and 10.0% of the 

residual species variance. Inflation factors for environmental variables ranged frorn 1.76 

to 5.19, indicating near independence of each variable in the overall analysis (ter Braak 

1988b). RDAI and the sum of al1 canonical axes were significant in Monte-Carlo tests 

(F = 4.874, p = 0.0070 for axis 1 and F = 2.064, p = 0.0003 for al1 axes together). Five 

out of 12 environmental variables emerged as significant in the fonvard selection 

procedure (see Table 2.1 ), these being dominated by the proportion of fire-scarred trees 

( 1  1% of species-environment relation), followed by percent slope and slope position (9% 

and 8% of species-environment relation, respectively). 

RDA1 represents the opposition of sites with high proportions of fire-scarred trees 

and surface Stones (on the nght hand side) with sites on lower slopes with deep 'A' 

horizons and greater total vegetation (on the lefi; Figures 3.3 and 2.4). Piniis 

d~rrungensis. P. leocore. Ulmrrs sp.. Jitnipencs diirangensis. and A rbuirïs tesselata were 

clearly associated with fire-scarred trees and stony soils while Quercus sidero.dia, P. 

couperi. P leiophylla. and Jirniperus depeanna were associated with deep 'A' horizons, 

higher total vegetation cover and lower slope positions. Predictably, dead pines, but also 

Q. coccolob~oliu and Q. luetu were associated with stands that had experienced the rnost 

recent fires of al1 (Figures 2.3 and 2.4). Exceptional amongst the oaks, Quercus 

crassfolia occurred predominantly on steeper slopes with more open forest cover. 



Table 2.1 Results of applying forward selection to a partial RDA of 12 environmental 
variables vs. harvest year and stand coordinates as covariables. Lambda A 
indicates the percentage variance explained by each variable at the time it was 
included in the model. Environmental variables are: PropFS (proportion of 
fire scarred trees), StonSF (percent surface stones), Slopct (slope in percent), 
Slopos (slope position), Aspect (cosine transformed aspect hnction 
maxirnizing at 45' fiom N.), AreaNr (average area occupied by four nearest 
trees in PCQ), NrTrCr (average crown cover in each PCQ), Adeep (depth of 
'A' horizon), TotVeg (percent cover of herbs and shrubs), Text (soil texture 
in rooting zone), ExpMin - Exposed minera1 soil, LFH (depth of LFH layer). 

Variable Lambda A p-value F 

PropFS 

Slopos 

Slopct 

AreaNr 

StonSf 

LFH 

TotVeg 

Adeep 

NrTCrn 

Text 

Aspect 

ExpMin 



Figure 2.2 Unique and shared contributions of 12 environmentel variables (E), harvest 
year (H), stand coordinates (S) and unknown sources of variation (Unk) to 
the total species variance. Significance of the total canonical trace in each 
analysis at a Dunn-Sidak adjusted alpha level of = 0.0043 corresponding to 
p = 0.05 before adjustment) is shown by a single asterisk. 
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Figure 2.3 Species-environment biplot of RDA axes 1 and 2 afier the removal of 
covariance due to harvest year and space. Numben following letters refer to 
regeneration height classes from smallest (1) to largest (4). Species codes 
are: A - Pinus durangensis, B - P. cooperi, C - P. engelmanii, D - P. 
teocote, E - P. leiophylia, F - P. ayacahuiie, G - P. lumholtzii. H - Qrierctis 
siciero.~lla, 1 - Q. crclssi/olia, J - Q. fuiva, K - Q. nigosa, L - Q. 
coccolobifolia, M - Qr<erctis obtlisata, N - Q. laeta, O - Jrinipenu 
deppeana, P - J. dumngensis, Q - Arbzrtus bicolor, R - A. madrense, S - il. 
tesselata. T -A.  arizonica, U - Ulmus sp., V - Pnïnus sp., W - Dead pines. 
Environmental variables are: PropFS (proportion of fire scarred trees), 
SurfSto (percent surface stones), Slopct (slope in percent), Slopos (slope 
position), Aspect (cosine iransformed aspect function maximizing at 45' 
from N.), TreeDen (average area occupied by four nearest trees in PCQ), 
Crown (average crown cover in each PCQ), Adeep (depth of 'A' horizon), 
TotVeg (percent cover of herbs and shmbs), Text (soi1 texture in rooting 
zone), ExpMin - Exposed mineral soil, LFH (depth of LFH layer). 



LFH : 2 18 : 

RDAl (30.7% of residual species variance) 

Figure 2.1 Stand-environment biplot of axes 1 and 2 of RDA after the removal of 
covariance due to harvest year and space. Numbers represent the elapsed time 
(years) since the most recent fire and symbols represent hawest year: open 
circles = 1 990 - 9 1 ; ciosed circles = 1993 - 94; triangles = 1996 and open 
squares = unharvested. Codes for environmental variables are as described in 
Figure 2.3. 



RDA2 appears to represent a complex gradient in which LFH depth, crown cover and 

the ages of fires increase from the lower right to the top lefi of the Figure 2.4. The 

elapsed time since the most recent fire also increases from bottom right to bottom left. 

Older fires therefore appear to be associated with two distinct types of stands, lower slope 

stands dominated by larger, possibly less shade-tolerant pine species and stands with 

deep LFH and denser crowns charactenzed by Prunus virginiana and P aycahziite, 

which appears to be a shade-tolerant sub-canopy species. The most widely distnbuted 

oak. Querciis sideroxyfh (Table 2.2)  was associated with both groups of stands, its height 

classes being spread across a wide area of the upper left quadrant of Figure 2.3. Quemis 

mgosa and Q. obtzisata were also weakly associated with this quadrant. 

Unharvested stands occupy the middle of the ordination, a position that may reflect 

their intemediate fire dates. These stands were also atypical, in that they encompassed a 

wide range of slope positions, which together supportcd the majority of species observed 

across the whole range of harvested stands. Sharing common species with the majority 

of stands may account for the central position of unharvested stands in the ordination. 

A highly significant negative relationship between arcsin square root transfomed 

proportion of fire-affected trees and logio transfomed time since fire was found using 

linear regression (Fi, 17 = 23.07, p < 0.0001, r2 = 0.46; Figure 2.5 (a)). A significant, but 

much weaker least squares regression could also be fitted between square-root 

transformed percent slope and fire-scarred trees (Fi, = 5.633, p = 0.025, 2 = 0.173; 

Figure 2.5 (b)). These findings may mean that fires were either more intense or more 

frequent on steeper slopes. However, 1 found no relationship between slope percent or 

slope position and time since fire. 



Table 2.2 Tree species, their presence and dominance amongst stands, and summary 
statistics for 27 post-harvest and 2 unharvested stands. 

Presence 
(No. of *Average Standard Range 

Family Species stands) (Trees. ha") error (Trees. ha-') 

Pinacerie 

Pintrs durangensis 

Pintts teocote 

Pintts cooperi 

Pin tu engeltnanii 

Pin us leiophylla 

Pintrs ayacahuite 

Pinzrs itmlroltzii 

Pintrs arizonica 

Qiterctis sidero.ylla 29 996.7 191.3 4120 

Qitercus crassfofia 25 730.0 156.0 3 O00 

Fagaceae Qrterctrs nrgosa 7 83.3 44.3 332 

Qu erctts coccolobifolia 13 227.7 102.3 1365 

Qrterctts laeta 14 3 10.0 97.4 1 096 

Qttercus obtusafa 1 75.8 

Quercrrsjtlr.a 1 1 1  18.5 

Cupressac- Junipertrs depeanna 29 3 17.7 58.6 1280 
Crie 

Junipems durangensis 14 39.2 9.4 116 

.irbutzts bicolor 29 1 03.6 18.8 432 

.i rbtr nu madrense 28 173.1 43 -4 Ericriceae 1195 

.-!rburtis tesseluta 23 182.5 53.4 780 

Salicaceae Popirhis tremirloides - 7 12.3 7.7 15 ------------------------------------------------------------------------------------------ 
Pinaceae Dead Pines 24 1 17.4 85.4 2070 

* Means are calculated for number of stands in which species is present. 
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Figure 2.5 Regressions of (a) - arcsin square root transformed percent of fire-scarred 
trees versus logio transformed time since fire, and (b) - square root of percent 
dope venus arcsin square root transformed percent of fire-scarred and 
c harcoal-stained trees. 



2.5.2 Canonical discriminant analysis.  

CDA revealed significant differences (a = 0.05) between harvest years for pooled 

height classes of Pinus diirangensis (Pillai's trace, F2, 22 = 4.035, p = 0.0014) and P 

teocore (Pillai's Trace, F?, 22 = 2.509 p = 0.0260), but not for Quercus sideroxylla (Pillai's 

trace, FI?, 221 = 1.020. p = 0.437). One way Anovas on individual height classes revealed 

between year differences for P. leocoie height class 4 (F?, 22 = 3.283, p = 0.015 1)  and 

P.dwangensis height class i (Fz, 22 = 4.789, p = 0.0 188), but not for any height class of 

Q. sidero.ï)lla. Mahalonobis distances between harvest year centroids were significant 

for al1 harvest year pairs of P. dtirangensis and for 1990 - 9 1 vs. 1993 - 94 of P. teocote. 

The likelihood ratio F-test for the significance of canonical axes confirmed these results. 

Both canonical axes were significant for P. durangensis (p = 0.0017 and 0.03 15 

respectively) and the first P. teocofe mis was significant (p = 0.023 l), but neither axis 

was signi ficant for Qziercus sidero-ylla. 

The differences revealed by CDA can be interpreted by examining height class 

distributions (Figure 2.6) and average pine seedling ages revealed by counting intemodes 

(Table 2.3). Height class 1 of P. durangerisis was more abundant in stands harvested in 

1990 - 9 1 and height class 4 of P. leocote was more abundant in stands from the 1990 - 

91 and 1993 - 94 harvest periods. Evidently, there was a time lag between logging in 

1990 - 91 and a pulse of post-harvest regeneration of P. durangensis. However, 

advanced regeneration predating logging was also present or abundant in al1 stands. 



Table 2.3 Predicted numbers of intemodes in height classes of Phus  durmgensis and 
Pinus teocote from linear regression. Minimum and maximum numbers of 
intemodes are shown for each height class together with 95 percent 
confidence intervals in parentheses. 

Pinus durangensis. (Internodes = 0.48 1 + 6.32 * Height (i = 0.754, p < 0.001 ; n = 1684 ) )  

Numbers of internodes by height class (m.) 

Min 

Max 

Pinus teocote. (intemodes = 1 .O20 + 6.63 * Height {?  = 0.704; p 5 0.00 1; 11 = 755 1) 

Numbers of internodes by height class (m) 

Min 
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Figure 2.6 Height class by harvest year abundance distributions for Pinus durangensis, 
P. teocote and-Qziercus sidero.rylla. Figures above 1990 histograms for P. 
durangensis and P. teocote are average numbers of intemodes in each class. 



2.5.3 Spat ia l  analysis 

Simple Mantel tests revealed significant spatial autocorrelation in the distribution of 

both seedling height classes that were significant in the CDA analyses. These were the 

only analyses out of the twelve that were significant at the Dunn-Sidak adjusted alpha 

level of 0.0043. These results imply that some regionalized process not measured here 

has produced local geographical clumping in these particular height classes. Subsequent 

partial Mantel tests of these height classes against distance matrices of significant 

environmental variables were not significant (Appendix 2.3). Spatial autocorrelation of 

height classes of the dominant species was therefore extremely limited, but seems to 

account for the observable differences between harvest years. 

2.6 Discussion 

The species composition of seedling communities and the seedling abundance in 

regeneration-cut and unharvested stands appeared to be detennined by a complex of 

environmental factors, including surface fire. Different species were clearly favoured in 

stands with different topographic and soi1 characteristics, and different recent fire 

histories. Fire characteristics also varied significantly with slope steepness, implying that 

topography could affect fire characteristics, which in tum would affect local 

environments. Unharvested and harvested stands were not clearly separated in the RDA 

biplots. The central position of unharvested stands in Figure 2.4 may reflect their 

intermediate position along the continuum of fire ages. However, at the sampling scale 

used in this sntdy, no firm conclusions can be drawn about differences in regeneration 

abundance or height class distributions in unharvested and MDS harvested stands. 



Although harvest year explained 13.0% of species variance, its influence was 

outweighed by that of environment. This influence may have been rooted in localized 

spatial structuring of height class 1 of P. durangensis and height class 4 of P. teocote. 

Partial Mante1 tests could not establish an environmental basis for this spatial structunng. 

However, the localization of P. dirrangensis height class 1 in stands harvested in 1990-9 1 

(Figure 2.5) may be related to a widespread tire that occurred in that general area in 1989 

(UCODEFO No. 4, unpublished fire records). Height class 4 of P. teocote \vas also more 

abundant in the 1990 - 1 harvest period. Height class 4 trees were clearly older than the 

1989 fire. pointing to the need for additional explanatory factors, such as the frequency of 

good cone years, to provide a better picture of local pine regeneration dynamics. 

The role of surface fires in recycling soil nutrients, reducing fuel loads and prepanng 

serd beds in pine forests is well documented (Kutiel and Naveh 1987; Neary et al. 1996; 

Sackett and Haase 1996). Higher dope positions may receive more lightning stnkes 

(Fulé and Covington 1999) and steeper slopes may support faster and more extensive fire 

spread (Agee 1993a; Fulé and Covington 1999). In my study, tire-scarred trees were 

associated with steeper slopes and more recent fires (Figure 2.6). Fires may also be more 

widespread or more frequent on steeper sites. Fulé and Covington (1996) found that 

numbers of fire scarred trees tended to decrease as fire intervals became longer. 

Species found on lower slopes included P. leiophylla. and Q. sideroxylla and P. 

engehanii. Qlrerclis sidero-rylla tended to dominate the seedling layer in these stands, 

and field observations in soil pits showed that many Q. sideroqdla seedlings had 

suckered from lateral roots. Amongst the pines, P. leiophylla. and to a lesser extent, P. 

teocote, were observed to sprout from cut stumps. Pinus leiophylla is described as a fire- 



resilient species (McCune 1988), its sprouting habit being an adaptation to predictable 

but infrequent stand-replacing fires (Keeley and Zedler 1998). Recent studies have also 

demonstrated a comparative advantage for root and stump-sprouting species in areas 

where natural Tire is infrequent or suppressed (Barton 1993; Fulé and Covington 1998). 

Pinirs engelmanii has a grass stage (McCune 1988) adapting it to a regime of stand- 

thinning fires (Keeley and Zedler 1998). These establishment strategies provide further 

support for the idea that lower slopes expenence less frequent, but perhaps more intense 

fires. 

A causal relationship between fire frequency and topography cannot be inferred 

directly from these data. However it is likely that fire intensity and arca bumed are 

modified by the varicd topography of the Sierra, as described by (Agee 1993a) for the 

Paci fic Northwest. The resulting spatio-temporal fire mosaic will consist of stands in 

which environmental conditions reflect the fire regime and also rnodify it. Species 

composition will respond to both the topography that influences the occurrence of fire 

and those stand conditions that are modified by the fire regime. However, further 

research will be required before the full extent of fire's direct influence over regeneration 

is known. For example, steeper sites are likely to be stonier and have lower vegetation 

cover because of erosion dunng the rainy season, thin soils and low soil moisture. Such 

droughty sites may permit continuous pine regeneration by limiting cornpetition from 

other plants. The frequent exposure of new areas of minera1 soil during the rainy season 

may provide new germination sites, while colluvial transport may redistribute the seeds 

themselves. 



The extent to which frequent fires establish and maintain these favourable 

germination conditions remains uncertain. Similarly, the role of fire in modiQing soil 

catenas is also unknown. It seems likely that frequent fires reduce the average organic 

matter content of surface mineral soil on steep slopes, which in turn might tend to reduce 

soil moisture. If fire is more frequent or extensive on steep slopes, it may reinforce the 

actions of slope-rnediated soil formation processes 

The foresten and rechnicians of the UCODEFO No. 4 would like to be able to predict 

post-hawest stand development, but cannot currently do so. Although regeneration cuts 

establish some conditions that may favour regeneration (e. g. higher light levels or 

exposure of minera1 soil), post-harvest seed set and establishment cannot be predicted 

from the time of cutting. There are no solid data on seed rain, the frequency of good cone 

years or the impact of seed predators on seed dispersai and populations. 

Estrada (unpublished data) found that pine seedlings in eight year old regeneration 

cuts were, on average, 2.1 years old, and recommended replanting understocked stands to 

accelerate stand development. Although the UCODEFO No. 4 nursery produces 500,000 

pine seedlings annually, these are insufficient to replant al1 understocked sites. 

Furthermore, there are no data on the survival of outplanted seedlings. 

Data from the current study show that substantial quantities of advanced regeneration 

predated logging and that new regeneration could be delayed for a number of years afier 

hamesring. The influence of topography and fire on these temporal regeneration patterns 

has probably been modified by the actions of other variables, some of which were not 

recorded in this study. For example, variations in the strength of spring drought and the 



temporal and spatial distribution of good cone years undoubtedly exert strong influences 

on nurnben of germinants and their survival. Until time series of these variables are 

available, and the influence of topography on fire regime is more fully characterized, 

post-harvest regeneration will remain unpredictable. 

2.7 Conclus ion 

In surnmary, the forest estate of ejido Vencedores is an example of a managed forest 

system that appears to retain many pre-management features, including frequent natural 

regeneration and frequent surface fires. Regeneration was also more closely associated 

with topography and recent fire history than with hantest year or the spatial distribution 

of harvested blocks. In this respect, the forest would probably fulfill FSC requirements 

For maintaining ecological function, natural cycles and natural regeneration (Forest 

Stewardship Council 1999), providing the natural fire regimes are retained. However. the 

current (MDS) silvicultural system is in the early stages of its application and few 

completely unmanaged stands remain to act as yardsticks by which to judge the impacts 

of future management. In particular, the roie of fire in securing natural regeneration 

relative to that of other environmental variables needs to be established for different site 

types, and the impacts of fire suppression determined. Mensurational experiments 

involving tirne series measurements on permanent plots established in freshly bumed 

stands would yield invaluable information on germination rates, post-rire seed rain and 

the dispersa1 charactenstics of different trees. 



Chapter 3 

3.1 Abs t rac t  

Until recently, few studies had quantified post-harvest natural regeneration in 

Mexican pine-oak forests. and none had explored the effects of surface fires on the 

microsite affinities and establishment of seedlings. Relationships between fire, logging, 

microsite heterogeneity and the population dpamics of dominant pine, oak and juniper 

species were explored in pine-oak stands that had experienced different recent fire 

regimes. Stands on sloping sites that had experienced fires within 15 years of sampling 

were characterized by patchworks of exposed mineral soil interspersed with deep litter 

under clumps of young trees. Mineral soil microsites were associated with clumps of 

fresh pine germinants while rapid post-fire litter accumulation in microsites under trees 

appeared to limit current pine regeneration. Deep litter was also associated with fire- 

killed pines. Stands that had experienced longer (18 - 52 year) rire-fiee intervals tended 

to have more homogenous environrnents and supported large numbers of srna11 oaks and 

small populations of pine seedlings. In spite of this homogeneity, pine regeneration still 

tended to be clumped, implying that other environmental factors were structunng the 

spatial patterns of germinants. There was no relationship between pine regeneration and 



the presence of logged stumps or natural snags, suggesting that gap creation has a minor 

role in facilitating regeneration compared to soi1 factors. Overall, frequent fires appear to 

favour pine germination from seed while infrequent fires allow the graduai dominance of 

stands by vegetative oak regeneration. In the absence of post-harvest site preparation, 

Iogging is unlikely to modiQ ihese contrasting outcomes. 

Keyivords: Surface fire, microsites, seedling establishment, environmental relations, 
natural regeneration, multivariate analysis. 

3.2 Introduct ion 

The long-needled pine forests of the US southwest and northem Mexico evolved 

under a regime of frequent surface fires that limited tree densities, shaped vertical and 

horizontal stand structures. and determined species compositions (Weaver 1943; Cooper 

1960: Baisan and Swetnam 1993; Covington and Moore 1994; Minnich et al. 1995; Fulé 

and Covington 1996, 1998). Under the pre-European settlernent fire regime, natural 

regeneration of US ponderosa pine forests was both facilitated and limited by surface fire 

(Cooper 1960; Peet 198 1; White 1985; Covington and Moore 1994). Pines regenerated 

in multiple-tree (Cooper 1960), or single-tree gaps (White 1985). Fire thinned out and 

dispersed dense patches of seedlings and young trees, creating an open, park-like 

landscape of large pines (Peet 198 1; Covington and Moore 1994). 

Since European settlement, fire suppression coupled with intense grazing has 

profoundly aitered pine ecosystems in the US southwest, affecting their reproductive 

dynamics, species compositions and stand structures. Grazing facilitated increased pine 

germination by baring mineral soi1 (Mast and Veblen 1999). These pine cohorts, 



unthinned by Are, developed into dense thickets of small trees that were susceptible to 

insect attack and infrequent but destructive crown fires (Cooper 1960; Covington and 

Moore 1994; Kolb et al. 1994; Covington et al. 1997; Fulé and Covington 1997). In 

contrast. low fire frequencies in pine-oak forests of the Arizona canyon lands favour 

vegetative reproduction by Quercus hypoleucoides at the expense of seedling germination 

in Pinris engelmannii and P. leiophylla (Marshall Jr. 1957; Barton 1995; 1999). 

Fire suppression efforts have so far been less effective in Mexico than in the USA 

because of a lack of resources combined with steep topography and poor roads. Low 

intensity fires continue to sweep through the warm-temperate forests of the Mexican 

Sierras every spring (Leopold 1937; Marshall Jr. 1957; Baisan and Swetnam 1993; Fulé 

and Covington 1994, and see Chapter 2). However, where fire is infrequent or has been 

excluded, changes in stand structure and species composition sirnilar to those in the USA 

have been observed. In northem Durango, a site which had experienced a long fire-free 

interval was charactenzed by thickets of dense pine saplings and 2-10 times more oak 

regeneration than a similar site where Frequent fires continued (Fulé and Covington 1994; 

1996; 1997; 1998). 

In Mexico, foresters rely on natural regeneration to restock sheltenvood- and 

selection-cut pine-oak stands. While foresters acknowledge that fire can promote pine 

regeneration (Jaime Vargas, personal communication), fire's role in molding the 

population dynamics and species composition of post-harvest natural regeneration has 

remained largely unstudied. Snidies of post-harvest regeneration have either 

concentrated on estimating seedling density of pines while ignoring that of oaks (Estrada 

et al. 1999; Hemandez et al. 1999) or have examined the effects of a few biophysical 



parameters on regeneration success (Valencia 1992; Gallegos et al. 1999). Some studies 

mention fire as a destructive anthropogenic force (Gallegos, 1999; Estrada, unpublished; 

Fisher, 1995) and a factor in general forest degradation (Hemandez 1995). A better 

understanding of the effects of surface fire on regeneration dynamics is clearly imponant 

for the sustainable management of pine-oak forests in the Sierra Madre Occidental. In 

particular, the distribution and character of microsites that favour different species and 

potential reproductive tradeoffs between pines and oaks under different lire regimes merit 

further study. 

In this paper, relationships between natural regeneration, microsites, and logging 

effon are explored in five Mexican pine-oak stands that have experienced different recent 

fire regimes. Previous work in this forest (Chapter 2) showed that topography, soil 

factors and time since the last fire were interacting to produce site-specific tree species 

associations. Seedlings of common, fire resistant pines grew on sites with stony soils and 

moderately steep slopes that had experienced fire within the previous 10-14 years. Sites 

on lower slopes with deep mineral soil had generally experienced longer fire-free 

intervals and supponed abundant oak regeneration, rnuch of it apparently vegeiative. 

Here, I extend that work to explore the population dynamics, spatial pattern and microsite 

relationships of dominant pine, oak and juniper species in five large plots that have 

experienced different recent fire frequencies and elapsed times since the most recent fire. 

The following research questions were asked for each site: (1) Which micro- 

environmental factors are most closely correlated with successful natural regeneration of 

the dominant tree species within stands?; (2) Does the spatial distribution of natural 

regeneration and microsites differ in stands that have experienced different fire regimes?; 



(3) Do any environmental variables appear to limit the germination of pines, oaks or 

junipen within stands?; and (4) Does natural regeneration of the different tree species 

occur more oRen in gaps that are created by logging or snag formation? 

3 . 3  Methods 

3.3.1 Study Sites 

The five research sites were located in a pine-oak forest near the ejido of Vencedores 

managed by the Unidad de Comervacion y Desarrollo Forestal No. 4 (UCODEFO No. 

4). They were located between 2460 and 2560 masl. in an area that receives 800-1200 

mm. of sumrner monsoon rains preceded by a spring drought during which most surface 

fires occur. Sites were chosen frorn amongst 29 previously rneasured stands (Chapter 2) 

to represent a range of elapsed times since the most recent fire. Two sites occupied 

slopes with gradients of 20 - 50 %, and had experienced fires five ( R H )  and 12 years 

(RF2) before sampling. Another sloping site (DF 1) had gradients of 10-38%, and had not 

experienced fire for 42 years. The other two sites occupied lower slope and valley 

bottorn positions. One of these (IntF) had slopes of 6-30%) and had experienced fire 18 

years before sampling, while the other (DF2) had O-12%slopes and a most recent fire date 

of 32 years before sampling. Al1 stands were regeneration cut in either 1994 or 1996. 

The regeneration cut is a canopy opening timber harvest that removes 20 - 35% of stand 

basal area (inventory figures, UCODEFO 4, Durango), and is an important stage in the 

application of the Mérodo de Manejo Forestal de Desarrollo Silvicola (Method of 

Silvicuitural Developrnent or MDS), which is the prevalent silvicultural system in the 



area (Rodrigue2 et al. 1993; Instituto Nacional de Estadistica 1997). Regeneration cuts 

resemble establishment cuts in a uniform sheltenvood silvicultural system. 

3.3.2 Field Methods 

Surface tires have low intensity and can bum over areas as small as 0.5 ha (Agee 

1998). Ln the Sierra Madre Occidental, numerous tracks and dirt roads act as natural fire 

breaks. Seedling communities and microhabitats sometimes appear quite different on 

opposite sides of such roads. To ensure that regeneration and environmental data from 

each site could be related to a comrnon fire history, and to measure the continuous spatial 

structure of the regeneration, a large plot was completely enumerated in each stand. In 

April, 1999, 1 established a 0.36 ha. plot in each of RFI, RF2, LntF and DF2. A 0.25 ha. 

plot was established in DFZ, the smaller size being dictated by topographic restrictions. 

Each plot was subdivided into 10 x 10 m quadrats, adapting the methods of Condit 

( 1998). These quadrats were subdivided into 5 x 5 m subplots to measure environmental 

variables, resulting in sample sizes of 144 for 0.36 ha plots and 100 for the 0.25 ha plot. 

The 5 x 5 plots were hrther subdivided into four 2.5 x 2.5 m. plots for seedling counts. 

The four 2.5 x 2.5 m. subplots in each 5 x 5 subplot were then iotalled to analyze 

seedling-environment relations. 

Seedlings and saplings were divided into seven height classes: < O.lm., 0.1-OSm., 

0.5-1.0, 1 . O 4  3, 1.5-2.0, 2.0-2.5 and 2.5-3.0 m. tall. Seedlings were noted as stump 

sprouts if they were sprouting from cut stumps. Mature pines and junipers were defined 

as trees greater than 3 m tall, while mature oaks were either over 3 rn ta11 or greater than 5 

cm in diameter at breast height (dbh) if less than 3 m in height. Mature trees were 

mapped to the nearest decimetre on the 10 x 10 m plots, their final positions being 



adjusted to plane after accounting for slope angle. Tree diameters were measured at a 

height of 1.3 m, or at 20 cm. if the tree was a stump, and condition, including the 

presence of fire scars and tme and blse mistletoes, was noted. 

Canopy closure was measured in the centre of each 5 x Sm subplot using a spherical 

densiometet. The percentage cover of litter. surface Stones and, where present, patches of 

bedrock were estimated to the nearest 5% by eye. Total liner depth (LFH) was measured 

with a metric carpenter's tape in four randomly selected spots, and percent slope was 

recorded with a clinorneter in the direction of the maximum gradient in each subplot. 

Other variables were derived from tree stem maps. To place their influence on a common 

scale. numbers of live trees, harvested stumps and snags were expressed as proportions of 

the maximum number of trees found in any 5 x 5 m subplot amongst the five stands. 

Basal areas of oak and pine in each 5 x 5 m subplot were used to explore local 

relationships between species-specific tree aggregations and the species composition of 

natural regeneration. Mineral soi1 texture (Bates et al. 1988) and the depth to observable 

charcoal deposits were estimated in small (- 25 cm deep) holes dug in randomly selected 

locations in each subplot. 

Wedges were cut from tire scan on living trees and complete sections were cut from 

fire-scarred stumps. The number of available fire scars was lirnited by the size of the 

plots. but to ensure that only those fires that directly influenced the study sites were 

recorded, the search for fire scar samples was restricted to the plots and their irnmediate 

surroundings. Also, wedges could not be cut from large seed trees with healthy crowns 

because of their importance in providing for future regeneration in these managed stands. 



3.3.3 Statistical analysis  

Multivariate ordination was used to explore species-environment relationships 

(question 1), and to select sub-sets of variables for further analysis. Moran's 1, a 

univariate spatial correlogram (Moran 1950; Legendre and Fortin 1989). was used to 

explore the spatial distribution of species height classes and selected environmental 

variables (question 2). Following these exploratory analyses, relationships beîween 

species height classes and variables that could potentially limit regeneration 

establishment (question 3) were analyzed with logistic regression, as waç the possible 

influence of stumps over post-harvest regeneration establishment (question 4). 

Descriptive statistics and multiple compansons were used to characterize recent tire 

history and G-tests of independence (Sokal and Rohlf 1981) were uscd for within and 

between-stand compansons of height class distributions. 

Because data were collected continuously from a limited area, spatial autocorrelation 

in both independent and dependent variables was considered likely. Such autocorrelation 

re flects non-random variability of environmental factors across the landscape, whic h in 

turn is likely to be reflected in species distributions. Spatial autocorrelation is therefore 

ecologically meaningful (Legendre 1993), but also reduces the available degrees of 

freedom in ciassical statistical tests (Thomson et al. 1996; Legendre and Legendre 1998). 

Specific measures of spatial heterogeneity were therefore used in three ways in the 

analyses that follow: (i) to describe and qsalitatively compare environmental and species 

spatial patterns within and between sites (question 2), (ii) to rneasure the influence of 

plot-wide and localized spatial structuring on species-environment relationships in 



multivariate ordination (question 1), and (iii) to correct logistic regression statistics for 

localized spatial autocorrelation. 

Fire Hisrory 

Fire scar wedges and sections (between 5 and 15 in each stand) were sanded with belt 

and orbital sanders using progressively finer grit papers, and finished manually with fine 

emery cloth. Tree ring increments were measured using a computerized measurement 

system and the locations of fire scars and possible false rings were noted. The resulting 

preliminary fire records were visually cross-dated against each other, against increment 

cores frorn dominant trees in the same stand, and with reference to master series from 

sites near Topia, 200 km. northwest of Vencedores (Fulé and Covington 1997). Skeleton 

plots and graphs were used to establish the locations of narrow increments used as 

markers in the cross-dating process. Fire scar records from stumps were initially dated as 

floating tree ring series using the COFECHA program (Grissino-Mayer and Holmes 

1993). Cross-dating was also checked using COFECHA. Mean fire intervals were 

calculated for the penods 1880 to 1999, and their statistical qualities were analyzed using 

the FHXî fire analysis program (Grissino-Mayer 1995). 

Multivariate analysis 

Species-environment scatter plots for al1 sites were charactenzed by weak linear 

relationships within wideiy scattered point distributions. In sorne scattergrams, the 

independent variable appeared to impose an upper limit or factor ceiling (sensu Thomson 

et al. 1996) on the distribution of seedlings. The linearity of species-environment 

relationships supported the use of Redundancy Analysis (RDA), a multivariate ordination 



technique based on multiple linear regression (ter Braak 1995) for analyzing species- 

environment relationships in each site. 

Partial RDAs were used to partition the explained variance in each species data set 

into components attributable to (i) environrnental variables in each 5 x 5 sub-plot, ( i i )  

large scale spatial structures (e.g. dopes) and (iii) local environmental autocorrelation 

between neighbouring microsites. A matrix of third order polynomials (S) derived from 

5 .u 5 sub-plot coordinates was used to measure large scale (site-wide) spatial structuring 

of species variation (Borcard et al. 1992; Legendre and Borcard 1994). Local 

autocorrelation between 5 x 5 microsites and their immediate surroundings was explored 

using a neighbourhood matrix (NM) derived from the environmental matrix (E) for 5 x 5 

sub-plots. This matrix contained the values of environmental variables averaged over 

sub-plots sharing corners or edges with each 5 x 5 subplot (Legendre and Borcard 1994; 

Pelletier et al. 1999). The NM matrix can be used in partial RDAs to measure the 

influence of surrounding plots on species distribution or to deduct local environrnental 

autocorrelation from the effects of E. 

Partial RDAs were used to calculate the unique variance contributions of E, NM and 

S together with two and three-way covariances between them using the method described 

by Qinghong and Brikenhielm (1995). Al1 analyses were done using CANOCO (ter 

Braak 1988b). The significance of the first canonical eigenvalue and overall canonical 

trace for the unique contribution of each environrnental matrix was tested using 999 

Monte-Carlo permutations at a Dunn-Sidak corrected alpha of 0.0 17. 



Exploration of spatial patterns 

Moran's I correlograms were constructed for each species height class and a subset of 

influential environmental variables. Distances ranged From 7.5 m, the approximate 

diagonal distance between the centres of 5 x 5 m sub-plots sharing corners, to 60 m in 

0.36 ha plots (8 distance classes) and 45 m. in the 0.25 ha plot (6 distance classes). 

Standard normal deviates (z) were computed for each distance class using software 

written by Duncan and Stewart (1991), and compared to Dunn-Sidak adjusted 

significance levels for z (0.0064 and 0.0085 for 8 and 6 distance classes 

respectiveiy;(Upton and Fingleton 1985; Duncan and Stewart 199 1). 

L ogistic regression of influen tial en vironmen ta1 variables 

Species-environment biplots were inspected to select a small subset of variables that 

were consistently negatively correlated with pine regeneration (question 3). 

Relationships between these variables and the occurrence of height classes of dominant 

pines and oaks were analyzed using logistic regression on presence-absence data (Trexler 

and Travis 1993; Christensen 1997). Height classes present in less than 25% of the 5 x 5 

m sub-plots were amalgamated to reduce the number of zero counts. 

For each species height class from each stand, stepwise logistic regression was used 

in SAS' Logistic Procedure (SAS Institute Inc. 1999) to select the most significant 

explanatory environmental variables. An additional variable was also constructed to 

reduce inflated type I error rates that would occur because of autocorrelation in some 

species height classes. This variable (AutoC) was a weighted average of species 

presences in al1 subplots sharing either a corner or an edge with each 5 x 5 m subplot 

(Augustin et al. 1996), and was thus similar to the NM matrix described above. 



Environmental variables were tested with and without the mandatory inclusion of AutoC 

in the models. An alpha level of 0.1 was selected for variables to enter the mode1 and one 

of 0.05 for them to remain in it. The final significance of included variables was 

calculated using Dunn-Sidak corrections based on the number of height classes of each 

species that were tested in each stand. 

Stepwise logistic regression was also used to test for relationships between harvesting 

disturbance and the presence of seedlings in 2.5 x 2.5 m sub-plots (question 4). Samples 

of 40 and 30 sub-plots were analyzed in 0.36 ha plots and the 0.25 ha plot respectively. 

Sub-plots were sampled at random with the restriction that their centres had to be at least 

6.25 m from the edge of the sampling area. Indices of living tree (IT), stump (1s) and 

living iree minus sturnp (IT - 1s) influences were constnicted for 100 m2 circles centred 

on each sub-plot. Following Woods and Whittaker ( 1979). these indices were of the form 

" dbh (T  or S )  
IS or IT = 

1 

where dbh is breast height diameter of living trees (T) or stumps (S) (derived from 

regressions between dbh and diameter at 20 cm in height on samples of live trees), and d 

is the distance frorn the plot centre to the centre of the i'th tree. Height classes 1 and 2 

were chosen for this analysis because iogging took place 3 - 5 years before sampling, and 

regressions of pine seedling height against numbers of intemodes indicated average ages 

of 1.3 - 3.6 years for seedlings in these classes. The variable AutoC was constructed 

from averaged presences in neighbouring sub-plots as noted above. 



3.4 Resul ts  

3.4.1 Fire history. 

Fire return intervals ranged frorn 2 to 23 years between 1880 and the most recent fire 

with the rnost recent fires O C C U ~ ~ ~  as recently as 6 years (Wl) or as long ago as 42 

years before sampling (Figure 3.1 and Table 3.1). Stand RF 1 experienced the most 

widespread recent fire, as shown by the large nurnber of charcoai stained trees in the plot 

(Figure 3.2). However, few recent fire scars were found in RF 1, so although widespread, 

the 1993 fire was assumed to be of low intensity. Widespread charcoal staining also 

irnplies that the true fire frequency could be underestimated because of fires goinç 

undetected. Stand RF2 experienced more recorded fires over the last century. but 

evidence of fire in this stand was more localized. In stands where more time had elapsed 

since the most recent fire, relatively few trees with dateable scars were found. 

Table 3.1 Fire return intervals at five study sites for fires recorded since 1880. Statistics 
were calculated for al1 fire years, including those represented by a single scar. 

-- 

FIRE INTERVALS (years) 

Time Mean Weibull 100% 
Number since last interval Std. median Weibull 

Stand of Tires fire* (MFI) Dev. iMin. iMax. Interval hazard 

- 

* Time since fire is reported as the interval from the last fire to the year of sampling. 





Table 3.1 includes parameters of the two-parameter Weibull distributions that were 

fitted to the data for each stand. The Weibull median interva1 is the interval in the 

Weibull distribution during which the stand has a 50% probability of burning once more. 

It is less influenced by large fire intexvals than the mean. The 100% Weibull hazard is 

derived from the Weibull hazard function, and estimates the maximum fire-free intexval 

before the stand is certain to bum again. Long 100% Weibull hazard intervals, such as 

those for DF1 and DF2 should be interpreted cautiously since skewed fire interval 

distributions can bias estimates of the longest possible interval (Grissino-Mayer 1999). 

Skewed distributions in DFl and DF2 led to 100% Weibull hazards 25 and 27 times 

greater than the mean return intervals. In DF2, abundant fires from 1932 - 1949 led to a 

low mean retum interval despite this stand having the longest recent fire-free period. 

INTF D F l  OF2 

Figure 3.2 Numbers of charcoal-stained (black) and tire-scarred trees found in four 
0.36 ha and one 0.25 ha plot. Note the different scale for RF 1. 



3.4.2 Species distributions 

AIthough al1 woody species were quantified, descriptive statistics, pattern analyses 

and RDA interpretations were focused on the seven oak, pine and juniper species (plus 

dead pines) that comprised 69% of the total stems (Table 3.2). With the exception of P. 

durangensis and P. ieocoie in FFI and P. engelmanii and Q. sideroxyla in DF2, height 

class distributions between species within stands were mutually independent (G-Test of 

independence, p < 0.00 1). Height classes within species were also independent between 

stands (Figure 3.3). Thus, although seedlings of Pinus durangensis and P. teocoie 

dominated RF1 and RF2, their population structures were quite different in the two 

stands. This result reflects the near-monotonic decrease of abundance with height in RF1 

and the presence of a strong P. durangensis cohort in height class 2 in RF2 (Figures 3.2a 

and b). Oak regeneration dominated IntF, DF 1 and DF2. Querczls sideroxylla dominated 

IntF and DF2, where it occurred almost exclusively in smaller height classes, implying 

either high ongoing reproduction and mortality rates or a recent episode of unusually high 

reproduction. Querctis crassifolia. Q. laeta and Jzinipena deppeana dominaied DF 1, 

where they al1 adopted species-specific distribution patterns. Because of sampling 

limitations noted in Chapter 2, there can be less confidence that oak height classes 

represent proportional age classes than is the case for pines. 



Table 3.2 Abundance of regenerating seedlings and saplings of al1 species in 0.36 and 
0.25 ha plots, adjusted to numbers of plants per hectare for comparative 
purposes. 

STAND 

Species RF1 RF2 DFI lntF DF2 

Pin us du rangensis 

Pinus engelmanii 

Pinrts teocote 

Pinits leiophylla 

Pinus ayacahuite 

Pinus itimholtzii 

Qirercris sidero-ylla 

Qziercrts crassi/oZia 

Qiteirits ncgosa 

Qrr ercus laera 

Qrrercrcs coccolobifolia 

Jtrnipencs deppeana 

Jiinipents durangensis 

rlrbtrtits bicolor 

A rbiitris madrense 

A rburtrs tesselata 

A rbrrtrrs arizonica 

A rbunis xalapensis 

Uhrcs sp. 

Pntnrcs serotiria 

Pinrrs sp. 

Dead Pines 
ppppp 

Totals 71 19 963 1 3584 5717 2978 
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Helg ht Classes (m) 

Figure 3.3 Seedling abundances of dominant oaks, pines and J. depeanna broken d o m  
by height class. Significant G-tests between species distributions within 
stands are indicated by different lower case letters over one bar for each 
species (pc0.05). Intraspeci fic di fferences between stands are shown in 
capitals over one bar for each species. Codes: Pd - Pinus durangensis, Pe - 
P. engelmanii, P t  - P. teocote, PI - P. leiophylla, Qs - Q. sidero-qdla, Qc - 
Q. crassifolia, QI - Q. laeta. Jd - J. deppeana. Note differences in vertical 
scales. 



3.4.3 Multivariate analysis  and  microsite .  

Variance partitioning using partial RDAs revealed stronger relationships between 

species and localized environmental variables (E and NM) than between species and 

spatial polynomials (S) in 4 of 5 stands (Table 3.3). In al1 stands, contributions of NM to 

species variance were similar to or greater than those of E. This result showed species 

abundances to be as strongly influenced by environrnental values in neighbourhoods 

within 7.5 m of sub-plot centres as by the micro-environment of the sub-plots themselves. 

In stands RF1 and RF?, E, NM and S made significant @ 5 0.01) unique contributions to 

species variance. These contributions were rnarginally significant @ < 0.05) or non- 

significant in less fire-affected stands. Fraction S contributed more to species variance 

than E and NM in IntF, indicating a plot wide trend in environmental conditions, perhaps 

brought about by changing slope angle and position. 

Although a large proportion of species variation remained unexplained, primary 

partial RDA axes constrained by E, and with the influence of S removed, extracted 25 to 

57% of the species-environment relationship, and captured the distribution of species 

height classes along major environmental gradients. Primary axes in 4 5  stands captured 

gradients between sub-plots with high percentages of exposed mineral soil and surface 

stones to those with deep, extensive litter layen and high crown cover (see environment- 

a i s  correlations - Table 3.4). Height classes of the dominant pine species were 

generally associated with the exposed minera1 soil and surface Stone end of the gradient, 

while oaks were weakly associated with deep litter and high crown cover. Srnall pine 

height classes were most closely associated with mineral soil and surface stones, and 

were never found in microsites with deep litter or extensive crown cover. 







This was particularly noticeable in RF1 (Figure 3.4), where there was an apparent 

succession of P. durangensis and P. teocote fiom small height classes at the minera1 soil 

end of the biplot to large height classes closer to the centre. Similar. but less pronounced 

patterns were seen in RF2, DF1 (Figures 3.5 a h  and 3.6) and IntF. However, in DF2, the 

rnost environmentally homogeneous site, height classes of al1 species were intenningled 

across the ordination space (Figure 3.7). Opposing the trend observed for live pines, the 

abundant dead pines in RFI, al1 of which bore scorch marks, tended to be associated with 

high crown closure and deep litter (Figure 3.4). 

Oak species displayed a wider but less well defined range of species-specific 

environmental associations than did pines. As with pines, taller height classes were 

weakly associated with crown cover and litter, exposed mineral soil or were clustered 

around the origin (Figures 3.3 and 3.6). Small height classes of Q. sideroxyfia were also 

associated with high oak basal areas in IntF and DF2. Qi<ercus crassifolia was associated 

with deep litter and dense crown cove: in both stands where it occurred while some 

height classes of Q. faeta lay on the exposed minera1 side of the DFI biplot (Figures 3.4 

aiD and 3.5). Finally, small height classes of Junipenrs deppeana, which were included 

in the DFl biplot because of its importance in the regeneration layer, tended to be 

associated with the minera1 soil vector. 

Removing covariance due to S from the partial RDAs diminished the influence of 

environmental variables that represented large scale spatial structures and tended to 

increase overlap of species height class distributions. For example, after removing 

covariance with S, the local relationship of P. durangensis and P. teocote with surface 

Stones in DFl was emphasized while the role of slope was diminished. Removing 



covariance with S also allowed P. Zumholtzii to overlap with P. durangensis and P. 

teocote in RF2, whereas with S included, the segregation of P. lumholnii in areas of 

bedrock intrusions was emphasized (Figure 3.5a/b). 

Stump 
I I I 

RDA1 - 42.9% of species-environment relation 

Figure 3.4 Biplot of RDA1 and RDA2 for species data in RF1 constrained by E with S 
as covariables. Only the most abundant pine, oak and juniper species are 
shown in the ordination. Height classes within species are enclosed by lines 
for greater clarity. Species codes are s h o w  as the initials of the species 
name followed by height class number: Pd - Pinus durangensis, Pt - P. 
teocote, Pm - dead pines, Qs - Quercru sideroxyila, Qco - Q. coccoiobifoZia, 
ExpMIN, exposed mineral soil, SurfSTO - surface stones (%), IntSTON - 
subsurface stones (%), LFH - depth LFH (cm), Litter - litter cover (%), 
Crown - crown cover (%). Tree - local tree density, Stump - stump density, 
Snag - snag density, BAPine - local pine basal area, BAOak - local oak 
basal area. 
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Figure 3.5. Biplots for species data in W1 constrained by (a) E and (b) E with S as 
covariables. Only the most abundant species are s h o w  in the ordination. 
Codes: Pd - Pinirs durangensis, Pt - P. teocote, Pu - P. lurnholtzii, Pa - P .  
ayacahuite, Qs - Quercus sidero.Ma Qc - Quercus crassijolia. Environment 
codes as in Figure 3.4 
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Figure 3.6. Biplots of RDAl and RDA2 for species data in DFI constrained by E with S 
as covariables. Only the most abundant species are show in the ordination. 
Codes: Pd - Pinzis durangensis, P t  - P. teocote, Jd - Juniperus deppeana, 
Qc - Quercus crassifolia, QI - Q. laeta. Environment codes are as in Figure 
3.4. 
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Figure 3.7. Biplots of RDA 1 and RDA2 for species data in DF2 consirained by E with S 
covariables. Only the most abundant species are s h o w  in the ordination. 
Codes: Pd - Pinzis durangensis. Pe - P. engelmanii, P l  - Piniis leiophylla, 
Pt - P. teocoie, Jd - Junipems deppeana, Qs - Querczu sidero.r)>Ilu. 
Environment codes are as in Figure 3.4. 



Stumps and snags were generally poorly correlated with species axes (Table 3.4) and 

were seldom strongly associated with species height classes. An exception was the 

apparent negative association between stumps and pine regeneration in RF 1. 

In summary, small pine height classes tended to be associated with minera1 soi1 and 

surface Stones. inspection of biplots and height class-environment conelations (not 

shown) also suggested that some combination of crown closure, litter extent and litter 

depth had limited pine distributions. With the exceptions of Q. laeta in DFl. oaks did not 

appear to be so limited by litter or crown cover. but they did appear to have species 

specific niches ranging from the centres to the litterkrown cover sides of the biplots. 

3.4.4 Spatial patterns of species and environment 

Several distinct spatial pattems were observed in Moran's 1 conelograms. In RF1 

and RF2, strong plot-wide gradients in environmental variables were indicated by 

positive to negative trends in autocorrelation (Figure 3.8a). In contrast, most 

environmental variables were distributed homogeneously beyond 7.5 m in DF2 (Figure 

3%) and 22.5 m in DFI (Figure 3.9a). In IntF, positive to negative environmental trends 

similar to those of RF1 and RF2 were punctuated by saw-toothed pattems indicating 

small-scale (- 15 m) environmental patchiness. 

Pines were distributed in 15-30 m diameter patches in RF1 and RF2 with patch 

centres being about 45 m apart. Thus, species and environment patches ofien differed in 

scale and environmental gradients, such as the one in RF 1, were not always reflected in 

seedling distributions (see, for example, Figure 3.8ak). The scale of species patterns also 

differed markedly between some height classes. For example, height classes 2, 3 and 4 of 



P. durangensis in RF1 displayed altemating patterns of positive and negative 

autocorrelation, indicating alternating high and Iow density patches. In contrast, height 

class 1 of this species was distributed across a long gradient that closely rnatched that of 

surface stones in Figure 3.8a. Pines in DF2 were also distributed across a gradient in 

spite of the environmental homogeneity of this site (Figure 3.8b/d). Although sipificant 

autocorrelation was present in oaks, it was generally weaker than for pines. 

Autocorrelation was often absent at 7.5 m but significantly positive or negative at 15.0 - 

22.5 m (Figures 3.8eif). Notably, despite the existence of obvious gradient and patch 

structures in the environment of DF1, similar patch structures were not observed for P. 

teocote and J. depeanna, and none of the correlograms for Q. laeta or Q. crassfuiia were 

significant in any distance class (Figure 3.9b - d). 



(A) Stand RF1- Mann's I - Envlronmant 

(C) Stand RF1 . Morrn's I . PInus durangensis 

(El Stand RF1 - Moran's 1 .  Quercus slderoxylla 

(8) Stand OF2- Moran's I - Envlronmant 

( 0 )  Stand OF2- Mamn'r I - Plna spicies 

(FI Sund DF2- Morin's I - Puwcus ridiroxylla 

Distance Ciass (m) 

Figure 3.8. Moran's I for selected species and environmental variables in RF1 and 
DFZ. Positive values represent positive autocorrelation and negative values 
are negatively autocorrelated. Horizontal dashed lines are confidence 
lirnits for the p= 0.05 and 0.0064. To be globally significant, at least one 
point in each correlogram must lie above or below the p = 0.0064 line. 
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Figure 3.9. Moran's 1 for selected species and environmental variables in DF1. Positive 
values represent positive autocorrelation and negative values are negatively 
autocorreiated. Horizontal dashed lines are confidence limits for the p= 0.05 
and 0.0064. To be globally significant, at least one point in each 
correlogram must lie above or below the p = 0.0064 line. 



3.4.5 Logistic regression 

Two hypotheses were tested with stepwise logistic regression: (0 that light limitation 

(increasing crown closure) and impediments to germination (LFH and percent litter 

cover) would reduce the probability of finding pines, but not oaks, in 5 x 5 m plots, and 

(ii) that environmental limitation of pine regeneration would be expressed more strongly 

in smaller height classes than in taller ones. These hypotheses were tested on the most 

abundant oak and pine species in each stand, and on dead pines in RF 1. 

Significant @ < 0.01) positive autocorrelation occurred in 14/17 pine height classes 

and 7/19 oak height classes. Coefficients of variation for the autocorrelated models were 

generally higher for pines than for oaks. Autocorrelated models also explained 

substantially more species variation than models which excluded the AutoC term (Table 

3.5). Significant relationships between species height classes and environmental 

variables in these analyses should therefore be interpreted as indicaton of the direction of 

environmental relationships rather than as predictive models. 

In support of hypothesis (i), several pine height classes had significant negative 

relationships with LFH or litter cover, some of which persisted after adding AutoC. 

Before adding AutoC, P. durangensis height class 1 in RF1 had a significant negative 

relationship with LFH (r2 = 0.126, p a 0.001), and al1 P. durangensis height classes in 

W2 had significant negative relationships with either LFH or litter (2 = 0.043 - 0.2 18, p 

5 0.0 127). Two of these relationships, those between P. durangensis height class 1 and 

LFH in RF I and P. durangensis classes 5-7 (amalgamated) with litter and crown cover in 

RF2. were maintained in the autocorrelated models. In contrast, dead pines in RF 1 were 
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Figure 3.10. Example logistic regressions showing the probability of finding P. 
durangensis, Q. sidero.rylla and dead pines in 25m' plots as a fùnction of 
the depth of the LFH layer. Bold lines are predicted logistic curves, dotted 
lines are 95% confidence limits and open circles represent presence (1) or 
absence (O) of species height classes, which are indicated by bold numbers 
at the side of each graph. 



Table 3.5 Results of ste wise logistic regression with and without the inclusion of P 
AutoC. The r- value is the rescaled r' of N. In the autocorrelation model, 
AutoC was included irrespective of its significance. Significance levels for 
regression parameters were adjusted using Dunn-Sidak corrections for the 
nurnber of height classes of each species in each stand. Probabilities are as 
follows: ns p > 0.05, (*) p 1 0.05 not significant after Dunn-Sidak correction, 
* p 5 0.0253 (2 height classes), 0.0170 (3 height classes), 0.0127 (4 height 
classes) 0.0 102 (5 height classes), ** p 1 0.01 and *** p 5 0.00 1. 

Mode1 without AutoC term Mode1 with AutoC term 

Stand and Height 
Species Class Variablc Parameter AutoC Variable Parameter R' 

Stand RF1 

LFH 

LFH 
Litter 

LFH 

ns 

ns 

LFH 

Crown 

Crown 

ns 

ns 

ns 

ns 

LFH 

Litter 

Li tter 

ns 

ns 

ns 

Crown 

Crown 

ns 

ns 

ns 

ns 

Stand IntF 

P. leiophylla (1) Crown -0.043** 0.077 2.523** Crown -0.036(*) 0.163 

- (2) LFH -0.356** 0.099 3.463*** LFH -0.290(*) 0.261 

- (3) ns ns 2.5 19** ns - O. 109 

- (4-7) Litter -0.020* 0.043 3.706** ns - 0.1 19 

Q. sidero.r).lIa ( 1 ) Crown 0.034(*) 0.052 -0.303 Crown - 0.053 

- (2) ns - - 1.792** ns - 0.1 13 

- (3-7) ns - - 2.031(*) ns - 0.06 1 



Table 3.5 (continued). Results of stepwise logistic regression 

Model without AutoC terrn Mode1 with riutoc term 

Stand and Height Enviro Enviro 
Species Class Variable Pararneter R' AutoC Variable Parameter RZ 

Stand DFI 

P. trocore ( 1-7) ns - - 2.443(*) - - 0.06 1 

Q. laera ( 1  -2) Crown 0.027(*) 0.060 1.452 - - 0.036 

- (3)  ns - - 2.277(*) - - 0.074 

- (4-7) ns - - 4.117*** - - 0.280 

Q. crassijolia (1-3) Crown 0.023(*) 0.0 16 0.46 1 Crown 0.022(*) 0.028 

- (4-7) ns - - 0.248 ns - 0.046 
.-----------------------------*----------------------- ---------------------------- 

Stand DF2 

P. engehanii ( 1-7) ns - - 3.824*** ns - 0.101 

P. ditrangensis ( 1 - 7) ns - - 2.364** ns - 0.207 

Q. sidero.vlla ( 1 ) ns - - 0.8 14 ns 0.006 

- (2) ns - - 0.890 ns - 0.002 

- (3-7) ns - - 0.936 ns - 
.--------_W__------------------------ 

0.0 13 
---a------- 

Stand RF2 

P. du rangen sis ( 1 ) LFH -0.186(*) 0.057 O. 107 Liner 0.848(*) 0.144 
LFH 1.325(*) 

Litter -0.058*** 0.2 18 
Crown 0.037** 
Crown not significant without Liner 

LFH -0.206* 0.060 
Only with non-signi ftcant 
contribution of Crown 

Crown 0.051*** 

3.429*** LFH -O.l83(*) 0.278 

2.200(*) LFH -0.186(*) 0.1 19 

1.506 Liner -0.037*** 0.232 

Crown 0.043** 

-0.0 19 ns - 0.027 

0.462 LFH 1.581*** 0.146 

1.858(*) ns - 0.058 

1.689*** ns - 0.1 12 



positively related to LFH and crown cover (J = 0.073 - 0.127, p s 0.0 1). However, these 

relationships were rendered non-significant, or marginally so, by highly significant @ 5 

0.00 1 )  autocorrelation in each height class. With one exception (a positive relationship 

between Q. crassi/ofia height class 2 and LFH in RF2), no significant environrnental 

relationships were observed in oaks at Dunn-Sidak corrected alpha levels. In the few 

cases where relationships were marginally significant @ 5 0.05), parameter estimates 

were positive. 

Hypothesis (ii) was not supponed except perhaps in the most recently bumed stand, 

RFl, where parameter estimates were more negative for smaller height classes of P. 

dtirongensis (Figure 3.9). However, environmental relationships were actually stronger 

in larger P. dirrangensis height classes in RF2, and in one case (the autocorrelated model 

for P. dirrangensis height class l), the relationship with LFH and Litter was actually 

positive. 

No significant relationships were found between small pines and oaks and the local 

tree and stump influence indices, either before or after including AutoC in the regression 

model (results not shown). These results, together with those of the partial RDAs, 

suggest that stumps and snags had minimal influence on regeneration patterns. 

3.5  D iscuss ion  

Many studies in cornrnunity ecology implicitly assume that species distributions are 

determined by contemporary site conditions (Cadle and Greene 1993). However, the 

intensity (concentration or density) and grain (patch size) of environrnental variables 

(Pielou 1977) will be modified by historical processes, which therefore affect 



contemporary forest stand structures and species compositions. Environmental facton 

may act at different scales and at different tirnes, and may augment or mask the responses 

produced by other variables. Therefore, the explanatory power of contemporary stand 

conditions may provide only a weak explanation for current species abundance and 

distribution. 

In this study. the grain and intensity of pine and oak distributions. together with that 

of environmental factors, varied considerably between stands that had experienced 

different recent fire regimes. In four out of five stands, the major RDA gradients spamed 

entremes of conditions that appeared to lirnit (deep LFH and extensive litter) or promote 

(extensive exposed mineral soil and surface stones) pine regeneration. These gradients 

were most pronounced in RF1 and W2, and were more closely associated with the 

distributions of pines than of oaks. 

In RF 1. the apparent succession of smaller to larger height classes of P. durangensis 

and P. teocore along a gradient of decreasing mineral soil exposure suggested that 

microsites favouring pine germination are exposed bnefly but then obscured by rapid 

litter accumulation. Rapid restoration of the litter layer is known to follow surface fires 

(Koskela et al. 1995; Fulé and Covington 1997), and where accumulations are deep litter 

is likely to increase seedling monality by intensifjing the effects of fire (Figure 3.8ah). 

In R H ,  subplots with deep litter under the dense crowns of pole-sized pines may have 

burned more intensely, accounting for the concentration of dead pine seedlings in these 

sub-plots. Sirnilar pyrogenic "hotspots" created by P. palustris litter cause extensive 

Turkey oak (Q. laevis Walt.) mortality in Flonda's xenc sandhills (Rebertus et al. 

l989a, l989b). 



Figure 3.11 (a) Dead pines killed in a 1993 fire in RF1 (note dense needle litter that has 
accumulated in the following years), (b) a slighlty scorched but surviving 
seedling fiom a more recent fire in an area of light litter accumulation 



Spatial patchiness of seedlings and environmental variables in W1 and RF2 is 

consistent with spatially heterogeneous local disturbance of the forest floor caused by the 

passage of recent surface fires . This heterogeneity could be caused by many factors, 

including connectivity of coane woody fuels (Agee 1998; Fulé and Covington 2000; 

pers. obs), patches of deep, pyrogenic litter under dense crowns (Rebertus 1989a) and the 

ignition of stumps and snags (Agee 1993; pers. obs.). Smouldenng surface fires can 

travel along networks of d o m  logs ("cigarette" burns, Agee 1998; Figure 3.9a), flanng 

up when patches of suitable fuel are encountered. Spatial heterogeneity of fire intensity 

can sometimes be dramatic. Reconstructing fire intensity from fire crew observations 

and indirect evidence of flame lengths, Fulé et al (2000) reported that Dame energies 

varied from O kW m" (unbumed) to 38,000 kW m" (crown fire) (Figure 3.9b). Few dead 

oak seedlings were observed in R H ,  perhaps because the thin-barked oaks are 

cornpletely consumed by fire while thicker-barked pines remain standing. 

Taller pines and oaks tended to have weak environmental associations, and where fire 

intervals were longer or the environrnent more homogeneous (DF2 and IntF), little 

species separation was observed. In these cases, species and height class distributions 

may have reflected historical processes more than current environmental conditions. 

In stands RF1 and W2, environmental variables and P. durangensis and P. teocote 

cohorts had well-defined patch structures. In these stands, and in IntF, the f o m  of the 

environmental correlograrns conformed to a mosaic of patches distributed across an 

overall environmental gradient. Supporting this result, small-scale spatial structure of the 

environrnent (the NM matrix) was also most strongly expressed in recent fire stands, and 

nearly matched or exceeded the contributions of environrnent in al1 the others. 



Figure 3.12. (a) Fire travelling along a network of small down logs near Vencedores, (b) 
higher energy Barnes on "hotspots" created by old stumps in the same fire. 



The highly significant contribution of the S matrix to the RDA for IntF was the only 

case where plot-wide environmental gradients may have influenced species distribution 

more than local environmental variation. This may have been because soils graded frum 

shallow and stony through to a deep sandy clay loam within the plot, whereas soi1 

conditions in the other four plots were more homogeneous. However, gradients were not 

seen in correlograms for P. leiophylla and Q. sideroxylla in IntF. 

Differences in the timing and numben of recent fires in RF1 and RF2 may have 

caused the significantly different height class distributions of P. durangensis shown in 

Figure 3.3. The near-monotonic height class distribution of P. durangensis in E2FI 

probably resulted from the 1995 fire facilitating the establishment young height class 1 

and 2 cohorts while killing off some of the advanced regeneration. Similarly, the last 

recorded (1986) fire in RF2 may have led to the establishment of the abundant cohort of 

P. durangensis height class two. 

Similar fire-determined patterns could not be inferred for oaks, whose regeneration 

tended to be concentrated in height classes 1 and 2 in four out of five stands (Figure 3.3). 

However, oak height classes cannot be directly related to age in the case of vegetative 

sprouts, since early development may be concentrated on the establishment of extensive 

below-ground structures (Zavala et al. 2000). Spatial patchiness in oak correlograms was 

almost always weaker than those of pines, and was absent in some height classes, even 

over short distances. Environmental relationships were also less strongly expressed in 

oaks than for pines in partial RDAs, and were non-significant in the logistic regressions 

with or without the inclusion of spatial autocorrelation. Oak abundance was greater in 

stands with longer fire-free intervals (Table 3.2). but the shapes of their height class 



distributions showed little variation between fire regimes (Figure 3.3). Therefore, unlike 

Querccrs cambii and Q. rizophylla, which can regenerate rapidly following wildfire (Jorge 

Garza Esparza, persona1 communication), the oak species surveyed for this study did not 

appear to respond strongly to recent fire. The predominance of srnaller height classes 

Shapes of the spatial correlograrns for seedlings differed rnarkedly between pine 

height classes within stands, perhaps as a result of small-scale disturbances that were 

localized in time as well as space. Therefore, each pine height class could be viewed as a 

sub-cohort germinating in response to specific, temporally discrete environmental 

conditions. That these disturbance events are unlikely to be restncted to recent tires is 

shown by the spatial patchiness of pines in DF2, a stand with a nearly homogeneous 

distribution of environmental variables that had not expenenced fire for 32 years. In 

direct contrast. in DF1 where fire had been absent for 42 years, patch structures were 

absent in pines and oaks while most environmental variables were patchy. In this stand, 

if natural regeneration had been restricted to the random "background" germination that 

occurs even in the absence of disturbance (Farmer Jr. 1997), the correlograms ought to 

have been random too. Small-scale events potentially contributing to non-random 

seedling distribution include soil disturbance by7 animais, seed caching by rodents or 

birds. local wind patterns and differences in the health of seed trees (Lanner 1998). 

The soil baring effects of mnoff and rainsplash during seasonal thunder stoms are 

potential germination-prornoting disturbances that do not appear to have been 

investigated. Erosion "pedestals", the result of small rocks protecting pillars of soil from 

rainsplash, were fkequently obsewed on sloping ground, indicating that rainsplash erosion 

is common. Heavy storms are probably also accompanied by runoff. If sites eroded by 



runoff and rainsplash promote pine germination, this might explain the results of partial 

RDAs in which surface stones, as well as mineral soil, were associated with pine 

seedlings on sloping sites. Altematively, surface and sub-surface stones break up the soil 

matrix, irnproving water infiltration, a factor that may be crucial for the survival of fresh 

gerrninants dunng the spnng drought (Rorke Bryan, persona1 communication). Splash 

and runoff might also redistribute and consolidate the available seeds. 

In DFI, the moderately steep slopes with a mosaic of mineral soil and litter patches 

resembled conditions in sites that had experienced more recent fires. The near absence of 

pine regeneration on this site was therefore surprising. The fine textured, oflen heavy 

clay soi1 on this site may be unfavourable to the survival of newly germinated seedlings. 

Radicles of P. tueda cannot penetrate clay-loam soils baked by fire (Pomeroy 1949). 

Fine clay soils also have higher matric potentials, which would make water less available 

to seedlings during their first drought prone months of life. 

Taken together, these observations support the conclusion that frequent surface fires 

expose mineral soil microsites that are necessary for the germination of some Madrean 

pine species. Patchiness and variations in surface tire intensity will produce 

concomitantly patchy distributions of favourable and unfavourable microsites. These 

conditions will, in tum, be reflected in patchy distributions of pine cohorts. Depth of the 

LFH layer and percent litter cover appeared to limit pine regeneration in R F 1  and RF2 

more than light deficits due to high crown cover. It should be noted, however, that the 

forest canopy was fairly open in al1 stands, so the extent of the few patches of completely 

closed canopy may have been insuficient to reduce seedling growth through light 

deficits. Likewise, gap formation, whether through tree death or logging, could not be 



related to increased pine regeneration. Canopy gaps may have little influence over 

regeneration conditions under already open canopies. Lack of canopy gap influence rnay 

also be due to their relative rarity, which could result in their local influence being 

swamped by that of the more continuously distributed soi1 variables. 

That exposed mineral soil favours and deep litter inhibits pine germination is well- 

documented for many ecosystems. Seeds falling on litter become lodged ioo far above 

mineral soil for radicle penetration (Famer Jr. 1997; Cain and Shelton 1998; van der 

Wall and Joyner 1998). Subsequent surface fires may destroy these seeds when the litter 

is bumed off (Mallick and Roberts 1994; Cain and Shelton 1998), or seeds may fail to 

germinate because they cannot access soil moisture (Farmer Jr. 1997). Pine seeds also 

have low survivat in the soil seed bank. Less than 1% of P. taeda and P. echinata seeds 

germinated after seven months of storage in a forest floor (Cain and Shelton 1997). Seed 

bank longevity for other species varies from two years for P. monricola through three 

years for P. ponderosa and five years for P. coniorta (Archibald 1989). It is therefore 

unlikely that new seedlings would ernerge from litter more than about three years after a 

tire, but continuous reproduction of freshly fallen seeds could occur on minera1 soil. 

Marked differences in pine and oak abundances in different stands support findings 

that oaks have a relative advantage over pines where fire is absent or suppressed (Barton 

1995; 1999; Fulé and Covington 1997; Agee 1998). Barton (1999) suggests that pines 

and oaks in Arizona canyons are favoured by different fire regimes because they adopt 

different reproductive strategies, namely fire resistance (pines) versus fire endurance 

(oaks) (Rowe 1993). Thick-barked adult pines survive surface fire and reproduce 

through large quantities of windblown seed, while some oaks reproduce from root, sucker 



or stump sprouts (Peterson and Jones 1997) in response to shoot damage (Barton 1999). 1 

observed that stump and root sprouts are comrnon in Q. sideraryila, Q. crassifolia and Q. 

laela. The dominance of Q. sideroxylla in DF2 and IntF and Q. crassfolia and Q. laeta 

in DF1 may be caused by continuous vegetative reproduction over long fire-free penods. 

Spring droughts may stimulate root sprouting, and even if few of these plants survived in 

any year, over time they could corne to dominate a stand. Vegetative reproduction rnay 

also account for the absence of strong environmental associations amongst oaks, since the 

spread of roots is not limited by factors observed only at the soi1 surface. 

In summary, exposed mineral soil and surface Stones were the environmental factors 

most closely associated with early pine regeneration (research question 1), while litter 

depth and extent appeared to be the chief factors limiting pine germination (question 3). 

Spatial patterns (question 2) and height class distributions of pines differed between 

different recent fire regirnes. However, none of the above held tme for oaks, and there 

was no evidence that gap creation influenced the distribution of regeneration in any way. 

An improved understanding of the autecology of Madrean oaks and pines will be 

needed as a basis of silvicultural predictions. In future research, the environmental forces 

leading to differences between pine and oak distributions should be characterized with 

greater precision. Such an effort will likely require the collection of time series data 

under a variety of £ire regimes, topography and soil conditions. The data generated 

would help to establish whether there is some optimum fire frequency that maxirnizes the 

germination and recruitment of pines, which are currently the preferred commercial tree 

species. They would also serve as a tool for predicting the potential effects of increased 

fire suppression, which many Mexican foresters look on as a management priority. 



Chapter Four 

SPATIAL SEGREGATION OF TREE COMMUNITIES UNDER 

DIFFERENT FIRE REGIMES IN THE SIERRA MADRE OCCIDENTAL. 

4.1  Abstract  

Mexican foresters generally believe that oaks directly compete with pines in the pine- 

oak forests of the Sierra Madre Occidental. However, surface fire has been shown to 

modiQ spatiai pattem development and self-thinning processes in some pine-oak 

ecosystems. Here, spatial analyses are used to study pattem development and 

interspecific spatial interactions in trees and seedlings in five pine-oak stands with 

different recent fire histones. Small ( 4 5  cm dbh) pines and oaks were clumped at al1 

scales, irrespective of fire regime, but large (21Scm dbh) pines were strongly clumped 

only in stands with longer fire-free intervals. Large and small pine trees had regular 

distributions in frequent fire stands, and appeared to inhibit the establishment of small 

oaks in a denser stand that had gone 32 years without a fire. However, in other stands 

there was little evidence to suggest that oak trees were directly competing with pines. 

Weak segregation of oak and pine seedlings suggested that intraspecific competition 

between neighbounng seedlings was marginally more likely than interspecific 

competition. Overall, the results pointed to the development of strongly clumped, size 

specific pine neighbourhoods with scattered oaks in recenvfrequent fire stands. The size 



and density of oak neighbourhoods may expand as disturbance intervals lengthen, leading 

to stronger interspecific competition between pines and oaks as stem densities increase. 

Keyivords: Spatial pattem analysis, Rip!ey's K (t) analysis, Fire ecology, interspecific 
cornpetition, neighbourhood effects, community segregation. 

4.2  In t roduct ion 

The traditional view of pattem developrnent in post-disturbance tree comrnunities 

holds that patchy or clumped early successional spatial patterns become random or 

regular over time (e.g. Grieg-Smith 1952). Seedlings may be strongly clumped when 

seeds only germinate in 'preferred' or 'safe' sites (van der Valk 1992; Moeur 1997), 

while later self-thiming (Grieg-Smith 1952; Kenkel 1988; Moeur 1997) or root 

cornpetition (Yeaton 1978) can increase the randomness or regulanty of observed 

patterns. 

Stochastic natural disturbances, such as Tire, can restructure spatial patterns that have 

developed since the previous disturbance, essentially restoring pattems that are typical of 

an earlier successional stage. For example, fire-induced Quercw laevis (turkey oak) 

mortality in Florida sand hills is concentrated under large P. palustris (longleaf pine) 

trees, resulting in intense post-fire dumping of the surviving small oaks over short 

distances (Rebertus et al. 1989b). The increased segregation occurs because the 

extremely pyrogenic lirter of P. palustris selectively incinerates smaller Q. laevis 

growing close to the pines (Rebertus et al. 1989a). A contrasting dynamic has been 

suggested for coniferous forests of the Sierra Madre Occidental. Fulé and Covington 

( 1998) found that oaks and pines over 1.3 m taIl were more intraspecifically aggregated 



on fire-excluded sites than on a site that experienced frequent fire. These workers argue 

that the thinning effects of frequent fire on clumps of juvenile and pole-stage trees creates 

more random adult distributions. Working in similar pine-oak forest stands, I found that 

pine seedling distributions were more intensely clumped on sites with recent fires than on 

sites with longer fire-free intervals, probably because recent fires had increased the 

spatial and temporal heterogeneity of microsites that favoured germination (Chapter 3). 

On the same sites, oak seedlings were always more randomly distributed than pines, 

regardless of fire regime, a fact that may reflect species-specific patterns of dispersal and 

establishment. 

In Madrean rnountain and Florida sandhill ecosystems, long fire-fiee intervals appear 

to favour vegetative reproduction by oaks over the germination of pine from seed. 

Turkey oaks gain dominance in the Florida sandhills by continuous vegetative sprouting 

(Rebertus et al. 1994) while root sprouting oaks, such as Quercus hypoleucoides 

(silverleaf oak) rapidly recover their pre-tire abundance in Arizona Canyon lands (Barton 

1999). 

Querczrs laevis regeneration has been reported to offer severe competition to P. 

palustris seedlings (Rebertus et al. 1989a). Mexican foresters working in the Sierra 

Madre Occidental also fear that oak regeneration competes with pine seedlings and that 

the broad crowns of mature oaks restrict the development of pine trees. For this reason 

oaks are ofien girdled during logging operations. However, there is no evidence to 

suggest that direct competition occurs between oak and pine seedlings. Working with a 

100 year long data series from ponderosa pine-Gambe1 oak mixed woods (Biondi et al. 

1992) found that the growth of pines was only affected by intraspecific cornpetition, 



never by competition with oaks. Mechanical damage due to harvesting or girdling rnay 

even increase vegetative oak regeneration (Bonnan and Rittenhouse 1980; Peterson and 

Jones 1997, JefFrey R. Bacon - personal communication). 

Tests of spatial segregation have been used to infer competition in wooded 

ecosystems (e.g. Duncan 199 1; Martens et al. 1997; Moeur 1997). However, because 

they apparently have different reproductive modes, Madrean pines and oaks might 

become segregated because spatially discrete microhabitats favour one species or 

another. Oak clones onginating from one mature individual may be spatially clustered 

relative to other clones (Berg and Hamnck 1994) but form regular pattems with other 

species. Finally, fire-mediated spatial effects may lead to an incorrect inference that 

interspecific competition is taking place. 

I have attempted to dari@ the role of recent fire regimes in the development of 

intraspecific spatial pattems of pine and oak species in five forest stands in the Sierra 

Madre Occidental. I also examined the hypothesis that oaks compete with pines by 

exploring interspecific spatial patterns of trees and seedlings under several fire regimes. 

Different sized trees were considered to be likely to display quite different intraspecific 

and intenpecific spatial pattems in these uneven-aged stands. Therefore, spatial pattern 

was analyzed at multiple spatial scales on two diameter classes of mature trees and on 

tree seedlings and saplings less than 3 m. in height to test the following hypotheses: 

(1) Large (> 15cm dbh) pine and oak trees will be randomly or regularly distributed 

in stands where fire has been fiequent or recent. They will be clustered in stands 



where tire is less frequent if fire-induced mortality rather than competitive self- 

thinning disperses spatial patterns of maturing trees. 

(2) Small (5 15cm dbh but taller than 3m) pines will be increasingly clustered over 

short distances in stands where fire has been more recent or frequent because of 

clumped reproduction in favourable microsites. 

(3) If interspecific competition between oak and pine seedlings is more common 

than intraspecific competition, nearest neighbour pairs of different species should 

be more common than nearest neighbour pairs of the same species (Pielou 196 1). 

On the other hand, greater potential for intraspecific competitive potential would 

be indicated by higher proportions of single species pairs. 

(4) Large and small trees of different species will adopt regular pattems at short 

distances in al1 stands if large trees inhibit the establishment of small trees of a 

different species through crown or root competition. 

(5) If tire enhances seedling mortality beneath large pines or oaks, large and small 

trees should adopt regular interspecific pattems in frequent fire stands. 

4.3 Methods 

4.3.1 Study sites 

The five research sites were located in a pine-oak forest near the ejido of Vencedores 

in the Sierra Madre Occidental of northwest Mexico. Vencedores' forests are managed 

by the Unidad de Conservacich y Desarrollo Forestal No. 4 (UCODEFO No. 4). They 

were located between 2460 and 2560 masl. in an area that receives 1200 mm of sumrner 



monsoon rains. Rains are preceded by a spring drought during which most surface fires 

occur. Sites were chosen fiom amongst 29 previously measured stands (Chapter 2) to 

represent different recent fire regimes, including a range of elapsed times since the 

occurrence of the rnost recent fire. The stands fell into three groups: (i) stands on 20 - 

50% slopes that had experienced recent, comparatively Frequent fires (RF1 and RF2), (ii) 

stands on slopes of 10 - 38041 in which fires occurred 24 (IntF) and 42 years before 

sampling (DFI), and (iii) a single stand (DF2) on 042% slopes that experienced the most 

recent fire 32 years before sampling. More detailed fire histones are given in Chapter 3. 

The basal area of mature trees vaned between 21 m' ha-' in DFI to 40 m2 ha-' in DF2 

(Table 4.1). Al1 stands had recently received regeneration cuts under the Método de 

Manejo Forestal de Desarrollo Silvicola (Method of Silvicultural Development or MDS) 

(Rodriguez et al. 1993; Institut0 Nacional de Estadistica 1997) that had removed 5 - 13 

m2 ha". The regeneration cut resembles the establishment cut of a shelterwood 

silvicultural system. 

4.3.2 Field Methods 

A 0.36 ha. plot was established in each of four study sites and one 0.25 ha. plot in the 

remaining site, the smaller size of this plot being dictated by topographie restrictions. 

Each plot was subdivided into 10 .u 10 m quadrats, adapting methods recommended by 

Condit (1998). The 10 x 10 rn plots were hrther divided into 25 m' subplots to measure 

environmental variables and 6.25m2 plots that were the basic units for counting seedlings. 

Mature pines were defined as trees greater than 3 m tall, while mature oaks were 

either over 3 m ta11 or greater than 5 cm in diameter at breast height (dbh) if less than 3 m 

in height. Mature trees were mapped to the nearest decimetre on the 10 x 10 m plots, 



their final positions being adjusted to plane afier accounting for dope angle. Tree 

diameters were measured at a height of 1.3 m, or at 20 cm. if the tree was a stump, and 

condition, including the presence of lire scars, charcoal staining and tme and false 

mistletoes, was noted. Seedlings and saplings were divided into seven height classes: < 

O.lm., 0.1-OSm., 0.5-1.0, 1.0-1.5, 1.5-2.0, 2.0-2.5 and 2.5-3.0 m. tall. Seedlings were 

noted as stump sprouts if they were sprouting from cut stumps. 

Table 4.1 Numbers and basal areas of pines, oaks, stumps and snags in the five study 
sites. Numbers and basal areas (shown in brackets) ha-' are shown to compare 
the different sizes of plots. Al1 pine and oak species counted in the stand are 
inciuded. 

Total ha" Stumps ha*' 
Stand Pines ha-' Oaks ha-' (inc. sturnp) (Regen. Cut) Snags ha-' 

4.3.3 Statistical anaiysis 

Hypotheses 1, 2. 4, and 5 were tested on stem-mapped tree data with Ripley's K(t) 

and K(,?t) analyses (Ripley 1977; Diggle 1983; Upton and Fingleton 1985) using 

cornputer software developed by Moeur (Moeur 1993; 1997). These analyses compare 

the distributions of al1 possible tree to tree distances within a species (K(t)) or between 

two species (Qi2t))  to a Poisson distribution to determine whether an observed pattern is 



regular, random or clumped. The pattern is assessed over a range of discrete distance 

classes (ti-k) that may be as long as half the length of the shortest side of a plot. Distance 

classes ti.k represent the radii of circles and K(t) is calculated for al1 inter-tree distances 

less than the radius of each ti. If the resulting pattern is random K(t) = nt', the area of a 

circle with radius t. Trees that lie outside the plot, and which are therefore not counted, 

nevertheless influence the patterns of trees within the sampling area. For this reason an 

edge correction is applied to the K(t) equation (Diggle 1983; Haase 1995; Moeur 1997). 

The K(t) are then subjected to a variance-stabilizing transformation: 

Equation 4.1 

To test for departure from randomness, the measured L(ti-,) are measured against the 

expectation of L(,i.n) under the nul1 (Poisson) distribution using confidence envelopes 

derived by random permutation of the actuai data. A more detailed description of K(t) 

analysis and the randomization procedure used in Moeur's ( 1993, 1997) software is given 

in Appendix 4.1. 

The dominant pine and oak species in each stand were divided into two diameter 

classes: < 15cm dbh and >15 cm dbh. The 15 cm division point was selected to separate 

pole sized pines, which were obviously clumped in some stands, from older pines which 

eenerally appeared more isolated, and may have undergone self-thiming. The same 
L 

division was applied to oaks to provide a common basis for al1 K(t) analyses. Pine 

stumps were included in the analyses after estimating their former breast height diameter 

with the help of appropriate regession models. If fewer than twenty trees were present in 



any diameter class, the two classes were amalgamated because K(t) statistics rnay be less 

reliable when measured on too few inter-tree distances (Fulé and Covington 1998). 

Hypotheses 1 and 2 were tested on individual diameter classes in each stand using 

L(t) while hypotheses 3-5 were tested on trees using L12(t) on al1 possible intraspecific 

and interspecific combinations of the two diameter classes. Each test was conducted on 1 

m distance classes (ti) that ranged From O - Im to 29 - 30m. in 0.36 ha plots and frorn O - 

1 to 24 - 25 rn distance classes in the 0.25 ha plot. Two sided confidence envelopes were 

calculated at a = 0.05 for each distance class using 200 Monte-Carlo simulations in 

which the largest and smallest 2.5% of values were discarded at each t. For tabulation 

and graphical interpretation, a further transformation, L(t)-t was applied; this 

transformation has an expectation of zero under a Poisson distribution and takes values 

greater than or less than zero for clustered and regular distributions, respectively. 

Hypothesis 3 was tested using several segregation indices. Pielou's (1961) index of 

segregation (S) was used to analyze nearest neighbour relationships between three 

seedling types: pines, oaks and al1 other species. The original index was designed to 

analyze 2-way contingency tables of the four possible pairings of two species. Since my 

study sites contained multiple species, S was extended to include neighbours of pines or 

oaks that were frorn any of the other species present. The resulting index (S3) was based 

on the following contingency table: 



This contingency table can be formulated as: 

Pines 

Oaks 

Totals 

l obsewed numbersof mixed pairs s3 = I -  
expected numbers of mixed pairs 1 

ab+ba+ac+bc 
= 1 - N  1 Equation 4.2 

n a d *  + nb*na*+ncmnbX+nc-na* 

This revised index of segregation was used on subject plants and nearest neighbour 

Totals 

na* 

nb* 

N 

Pines 

aa 

ba 

na 

data originally collected to describe individual characteristics for al1 species in the 

community. Sample sizes for subject plants that were pines or oaks therefore varied from 

Oaks 

ab 

bb 

nb 

stand to stand. Significance of S3 was tested using X' tests and a randomization test of 

Other Sp. 

ac 

bc 

nc 

999 permutations of the nearest neighbour vector to allow for possible autocorrelation of 

neighbour pairs in the limited sampling area. 

Peterson's ( 1976) index of cornmunity segregation (SG) was used to c haracterize 

species segregation at the level of 2.5 x 2.5 rn sub-plots. The index was calculated using 

species counts from 100 (in 0.36 ha plots) or 80 (in the 0.25 ha plot) sub-plots selected at 

random from the continuous grid of sub-plots that covered each study site. The 

segregation index for each species is the ratio of the average probability of finding 

species i in the vicinity of itself and the probability of finding it in the whole multi- 



species population. Species SGs were calculated (i) on three species height classes (5 10 

cm, 10 - 50 cm and 50 - 300 cm) that were assumed to represent broad age groups, and 

(ii) on species totals for al1 height classes combined. An SG for the overall community 

was also calculated as the ratio of the two probabilities summed over al1 species (fûrther 

details on calculating SG are given in Appendix 4.2). Finally, differences in the degree 

of neighbourhood competition experienced by pines and oaks were tested with three 

distance-based competition indices on the two nearest neighbours of each target seedling: 

The Weiner (1 984) index, Rouvinen and Kuuluvainen's (1997) index and a height and 

distance based index that 1 devised to illustrate symmetric competitive potential (Table 

4.2) were used. Differences in the distributions of the indices were tested using 

Wilcoxon rank sum tests (Soakal and Rohlf 198 1). 

Table 4.2. Competition indices used to test for differences in competitive environment 
of pine and oak seedlings. 

Index Formula* Range 
.. - 

Weiner ( 1984) 1 Dj / Li, > O - infinity 

Rouvinen & Kuuluvainen (1  997) 1 (arctan (Dj / Li,) * (D, / Di) > 0 - infinity 

Park (this paper) xHj-Hi / L, k infinity 

* Al1 indices surnmed over the nearest two neighbours of the target seedling 

Dj = diameter of competitor seedling. 
Di = diameter of the target seedling. 
L, = distance from subject seedling (i) to competitor seedling Ci). 
Hi = height of the target seedling. 
H, = height of competitor seedling. 



4.4 Results  

4.4.1 K(t)  and K t I 2 t )  analysis 

In accordance with the expectations of hypothesis 1, large P. durangensis and P. 

teocote were strongly clumped at most ti in DF2 (Table 4.3 and Figure 4.la). However, 

they were also clumped, albeit weakly, over 2 - 7 m in W 1 (Figure 4. lb) and RF2. 

Beyond 8 m, they were distributed at random or, as in the case of P. temote in RF1 and 

P. dwangensis in RF2, displayed regularity (Figure 4.1~).  Pinus teocofe in DFl and P. 

leiophylla in IntF were intermittently clumped at various distances over the range of 

measurement (Table 4.3). Contrary to hypothesis 2, small pines and oaks were 

significantly clustered over most ti in all five stands (Table 4.3). 

Intraspecific patterns amongst oaks were inconsistent across species and stands, and 

may have been influenced by different oak population densities in the various plots 

(Table 4.2). The Q. sideroqVla in RF1 were few in number, small and weakly clustered 

at shorter distances. while both large and small Q. sidero-ryla were strongly clustered in 

DFZ (Table 4.3). On the other hand, large Q. siderarylla had random or weakly regular 

intraspecific distributions in IntF (Figure 4.ld). In RF2 small Q. crassifolia were 

clustered at al1 ti while large trees of this species were randomly distributed at al1 scales. 

In DF 1, Q. laeta and Q. crassifolia were also strongly clustered at al1 scales. 

Hypothesis 4 was rejected for trees in 4 out of 5 stands since regular interspecific 

distributions between pines and oaks were not observed at short distances (Table 4.4). 

However. interspecific regularity was observed between large P. teocote and small Q. 

sideroxylla at 2 - 30 m in DF2. In the same stand, small P. teocote and small P. 



diirangensis adopted regular distributions with small Q. sideru.ryIla at 14 - 30 rn and 4 - 

13 m respectively (Table 4.4 and Figure 4.2ah). 

In opposition to the expectations of hypothesis 4, large and small P. teocote were 

significantly clumped with Q. laeta at distances greater than 4 rn in DFl (Table 4.4 and 

Figure 4 .2~) .  The same pattern occurred between Q. laeta and Q. crassifolia in DFl. 

suggesting some habitat affinity between al1 three species (Figure 4.2d). 

Small and large pines of the same and different species tended to fom regular 

patterns in recent fire stands, although large and small P. ieocote were significantly 

clumped at 19 - 23 m in RF1 (Table 4.4 and Figure J.Zd/e). Intenpecific clustering was 

obsewed between different pine species in the same diameter classes in recent tire stands. 

In contrast, large and small P. durangensis were strongly clustered at 3-30m in DF2 

(Figure 4.20, and large and small P. leucote were clustered at 1-10m in the same stand. 

Small and large P. leioplzylla were either weakly clustered or randorn with respect to each 

other in IntF and DF2. Pinus leiophylla was also randomly distributed with respect to ail 

other species in DF2, implying that seed dispersal and reproduction patterns in this 

species occur independently from those of other species. Small oaks did not cluster 

around large oaks in any stand over short distances, but large and small Q crassifolia 

were clustered between 21 and 30m in RF2 (Table 4.4). 
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Figure 4.1 Example plots of distance vs. L(t) that compare and contrast intraspecific 
spatial patterns. Solid line is L(t) while dotted lines represent upper and 
lower 2.5% limits of the 95% confidence interval. 
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Figure 4.2. Example plots of distance vs. L(,?t) that compare and contrast interspecific 
spatial patterns in different stands. Solid line is L(\?t) while dotted lines 
represent upper and lower 2.5% limits of the 95% confidence interval. 



4.4.2 Seedling segregation 

The modified Pielou's segregation index showed pines and oaks to be significantly 

segregated from each other and from other species in RFI, IntF and DF2. However, 

values of S3 that ranged from 0.047 to 0.229 indicated that nearest neighbours were not 

strongly segregated in any stand. Thus hypothesis 3 was supported in these three stands, 

albeit weakly. In DF1 (S3 = 0.048, p ( ~ 2 2 ,  5,)=0.64), segregation was so slight as to be 

essentially no different from zero (Table 4.5). 

Peterson's community segregation index (SG) indicated similar weak to moderate 

segregation of pines at the 2.5 x 2.5 m plot scale (Table 4.6). Indices for individual pine 

height classes were generally lower than one, which indicates that the probability of 

finding a conspecific of the same height class within a 2.5 x 2.5 m plot was lower than 

the probability of finding that height class in the community as a whole. This result also 

indicated the CO-existence of several pine height classes at the 2.5 x 2.5 rn plot scale. 

Oaks were often more likely to be found in the plot neighbourhood of conspecifics 

than in the population as a whole. This was particularly noticeable in RF2, where Q. 

crassifolia height classes had SGs of 1.2 1 - 1.3 1. Other species with high SGs included 

P. ayacahuite (IntF and RF2), J. depeanna (height class 1 in DFI and height class 2 in 

DF2) and many of the rarer species (Table 5.5). Rarity either resulted in very high SGs 

when al1 conspecifics were clustered in one or two plots, or SGs of zero when only a few 

scattered individuals were present, none of which were each othen' neighbours. For this 

reason, the SG for any species should be interpreted with reference to its representation in 

the plant community as a whole. When rare species have large SGs, their importance can 



be gauged by companson with the SG for the whole community, which necessarily 

reflects the SGs of the most abundant species. In DFl, a community SG of 2.02 reflected 

the finding that most species tended to have conspecific neighbours whereas the 

community SG of 0.78 in IntF resulted from most species height classes being scattered 

in interspecific neighbourhoods. Community SGs from the other three stands showed a 

wrak tendency towards segregation of species height classes into conspecific 

neighbourhoods. 

Table 1.5. Results of applying a modified Pielou's index of segregation (S3) to three 
species groupings: pines, oaks and al1 other species. Values of S between O 
and 1 indicate interspecific segregation and values from -1 to O show 
mingling. 

Chi- pvalue p - value n 
Stand S3 Square (Chi-square) (permutation test) (pairs) 

RF1 0,229 7.88 0.0 194 0.002 46 

RF2 0.131 6.84 0.0327 0.054 6 1 

IntF 0.218 20.33 0.0000 0.003 75 

DF1 0.048 0.89 0.6390 0.2 13 55 

DF2 0.191 8.28 0.0 159 0.016 59 

Amongst the cornpetition indices, only the Weiner index for RF2 showed any 

significant difference between the competitive neighbourhoods of pines and oaks (W 

(pine) = 0.06, W (oak) = 0.03, 2 = 2.1853, P = 0.0289). Therefore, competitive 

neighbourhoods of pines and oaks measured using their two nearest neighbours appeared 

to be similar in each stand, 
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4.5 Discussion 

Each of the pine-oak stands in this study presented a complex of spatial patterns 

whose character differed between species, size classes within species and between size 

classes of different species. A synopsis of the patterns and their conformity to 

hypotheses is shown in Table 4.7. 

Table 4.7 Synopsis of main results of hypothesis testing. 

- - 

Hypothesis Result l comments 

H l  Large pines and oaks randomly distributed in Supported in cornparison to patterns in 
recentl frequen t fire stands. DFI and DF2, but large pincs clustered 

between 2 - 7 m. in recent flre stands. 

HZ Small pines more clumped in recentlfrequent fire Rejected: small pines clumped at almost 
stands than in stands with long tire-free intervals. every scale, irrespective of stand. 

H3 More interspecific nearest neighbours if oak and Rejected: weak to moderate segregation of 
pine seedlings compete. pine and oak nearest neighbours in RFI, IntF 

and DF2, and in al1 stands in 2.5 x 2.5 m plots 

H4 Large and small trees adopt regufar patterns at Rejected in al1 stands sxcept DF2, where 
short distances under crown or root competition. regular patterns developed between large P. 

reocore and small Q. sidero-vlla. 

HS Fire-enhanced mortality beneath large pines and/or Supported for pines in RF1 and RF2 but not 
oaks. for oaks. 

Consistent with hypothesis 1, large pines were strongly clumped at most scales in 

DFZ. However, significant clumping of pines over 2 - 7 m in RF1 and RF2 implied that 

if fire had thinned out the developing cohons of larger trees, it may have done so by 

reducing the size of clumps, not by reducing the intensity of clumping at short distances. 

Contrary to hypothesis 2, small pines and oaks were clumped at most scales in every 

stand, indicating that contagious recruitment fiom saplings to trees has been the n o m  in 



these stands under a variety of fire regimes and topographic/soil conditions. These 

clumps have arisen fiom seedling cornrnunities in which individual species height classes 

were often strongly clumped (see Chapter 3), but which were only weakly segregated 

from other species. Intraspecific competition within species height classes therefore 

appears to be marginally more probable than interspecific competition at the seedling 

level. 

Hypothesis 4 (competitive inhibition of the establishment of other species) was 

supported for large P. teocote versus srna11 oak trees in DF2, but large P. durangensis, 

which were often associated with P. [cocote, were distributed randomly with respect to Q. 

sidero-ydla at al1 distances. Cornpetitive inhibition may therefore be species-specific, 

even when comparing the competitive effects of two species with similar habitat 

requirements. However, small P. teocote and P. durmgensis both formed regular 

distributions with small Q. sidero.y~lla at longer distances. 

Finally, hypothesis 5 was strongly supported by the regular distributions of small P. 

dtirangensir and P. teocote with respect to their large conspecifics in R F 1  and RF2 and 

the opposing pattern of big and small conspecifics observed in DF2. 

The results of this study differ in some respects from those of Fulé and Covington's 

(1998) study of spatial patterns under different fire regimes. Their finding of greater 

intraspecific tree aggregation at sites without a recent history of frequent fires was 

supported in DFl and DF2. However, in contrast to the lack of distinct interspecific 

pattems seen in Fulé and Covington's study, 1 found strongly characterized, often regular 

interspecific pattems in 4 out of 5 sites. Clumped and regular patterns coexisted within 



the same 

Di fferenc 

stand within different pairs of pine and oak species, 

es in the form and scale of these pattems in different 

especially in DF2. 

stands suggests that 

complex dpamics of disturbance history, tree density and species identity determine the 

dynamics of' interspecific spatial pattern formation in some Madrean forest stands. 

Reguiarity between large P. teocote and small Q. sidero-~Ila was observed from 2 - 

30 m in DF2, raising the possibility that two or more dynamic factors are producing 

regularity at different scales. Some combination of crown and root competition may have 

produced regularity at short distances, but niche partitioning or limited dispersa1 may 

have caused regularity to develop at longer distances. The clumping of large and small 

P.durangensis and P. reocote in DF2 and regular distributions of the same size class 

combinations in RF1 and RF2 also suggests that dispenal, germination and survival of 

dispersed pine seeds has been influenced by different environmental detenninants in 

di fferent stands. 

Stem maps can help in interpreting tree distribution pattems. In RFl, small P. 

durangensis formed obvious clusters amongst widely scattered larger trees, while Q. 

sidero.ryIia and Q. laeia were scattered with no obvious relationship between large and 

small size classes of each species (Figure 4.3a and b). In RF2, there was obvious 

clumping of small P. durangensis while several clumps of small Q. crassijolia were 

interspened amongst scattered individuals. Large P. drirangensis were scattered but a 

number of two-stem clumps were also evident. As in the case of Q. sidero-yylla in RH, it 

was difficult to visualize obvious spatial relationships between large and small Q. 

crassfolia (Figure 4 . 3 ~  and d). 



In DF2, stem maps illustrate plot-wide segregation of the most abundant tree species. 

Large and small P. durangensis tend to be aggregated in the northeast comer of the plot 

while srna11 Q. siderotrylla cluster strongly in the northwest comer. Both P. durangensis 

and Q. sidero-rylla show a north to south trend of decreasing stem density (Figure 4.4ah). 

Groups of large and srna11 P. leiophylla are interspersed with Q. sideroxylla on the West 

side of DFZ, while P. reocote occur mostly in the southem quadrant (Figure 4 . 4 ~  and d). 

Although clumps of small trees are readily identifiable, small and large trees of each 

species tend to occupy the same quadrant "neighbourhood", explaining their significant 

aggregation in the K(IZt) tests. 

Pine litter pyrogenicity may explain the absence of srnall pine trees beneath and close 

to their larger conspecifics in RF1 and W2 (Rebemis et al. 1989a; 1989b). However, 

there were no obvious trends in the contemporary environrnent to explain the plot-wide 

variations in overall tree density in DF2. The large cluster of small oak trees in the 

northwest of the plot suggests the possibility that near-monospecific dorninance of the 

quadrant neighbourhood, rather than crown or root cornpetition, rnight account for the 

observed segregation of pines and oaks. Working with spatially explicit Markov models, 

Frelich et al. (1998) have show- that stands with four or five species can segregate into 

spatially distinct communities, even starting from a random mixture of species in a 

uniform environrnent. Vegetative reproduction and spatially discrete clones have also 

been demonstrated in a nurnber of oaks (Borman and Rittenhouse 1980a; Berg and 

Harnrick 1 994; Peterson and Jones 1997). 



! 
I (A )  ( P .  durangensis ) ( S )  (O. slderoxylia ) 

( C )  (P.  durangensis ) 

Figure 4.3. Stem maps for dominant pine and oak species in RF1 (NB), and RF2 (CID). 
Codes: black circles = srnall trees; open circles = large trees; triangles in B = 
Q. laeta. 
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Figure 4.3. Stem maps for dominant pine and oak species in DF2. Codes: black circles 
= small trees; open circles = large trees. 



If neighbourhood effects influence the patch structure of pine-oak forests in the Sierra 

Madre, their intensity and neighbourhood areas for different species are likely to be 

modified by disturbance dynamics and stand physiography. The relatively random 

distribution of oaks between tight clusten of pines in RF1 could be due to thinning by 

fire, which is more likely to cause greater mortality in oaks than pines. Fire effects could 

also explain the spacing between large and srnaIl pines in W1 and RF2. A combination 

of pyrogenic "hotspots" beneath large pines and the creation of mineral soi1 patches by 

the uneven passage of fire could explain the dense but discrete 10-20 rn wide patches of 

small pine trees in these stands. In stands such as DFZ, oak reproduction frorn root 

sprouts and seed would have longer fire-free intervais in which to establish, and rnay 

even corne to dominate a large neighbourhood. Thus, the existence of large. near- 

rnonospecific neighbourhoods may reflect "the ghost of competition past" in stands with 

long fire-free intervals. 

During a century of fire suppression in Gus Pearson Natural Area, Biondi et al. 

(1994) found that overall ponderosa pine densities increased by adding new pine groups 

that were never autocorrelated beyond 30 m. Pines were therefore gradually occupying 

the available growing space. In the current study, 30 m was the limit of inference for 

spatial patterns, so the maximum extent of the supposed neighbourhoods in DF2 cannot 

be known. 

Using dendrochronology, Biondi et al. (1992) also found that pine were the main 

cornpetitors of other pine in a ponderosa pine-Gambe1 oak stand. In the current analysis, 

intraspecific competition was somewhat more likely than interspecific competition 

amongst seedlings. Amongst trees, evidence for direct above-ground competition 



between species was also rare. Regular interspecific patterns, especially those observed 

at larger distances may have ansen as a result of niche separation with different historical 

disturbance patterns molding niche characters over time. 

Differences in stand soil properties may have contributed to the different pattems 

seen in recent fire stands and those with longer fire-free intervals. Biondi (1996) 

attnbuted growth reduction of srnaIl and large trees to root competition for water and 

nutrients. In shallow sandy soils, such as those of RF1 and RF2, trees of a certain height 

and leaf area are likely to have greater horizontal root extensions than they would if they 

were growing in deeper, richer soils with higher soil moisture contents, such as those in 

IntF or DF?. If root cornpetition is imponant, particularly in R H ,  a reduction in average 

increment of al1 trees accompanied by self-thinning ought to occur in the absence of 

further fires. 

Root growth patterns may also explain the intraspecific spatial patterns adopted by 

large and small Q. crassi/olia in RF2. They were randomly distributed with respect to 

each other from I - 20 m. but clumped from 22 - 30m. This latter result suggests that 

roots have to grow a certain distance from larger parent stems before sprouting ramets, or 

that sprouting occurs from the roots of smaller but not larger trees, which appears 

unlikely. 

4.6 Conclusions 

With the exception of stand DF2, spatial analyses provided little evidence for direct 

competition between pines and oaks However, a cornpanson of Ripley's K(12t) analyses 

from different stands provided indirect evidence that neighbourhood development 



patterns in oaks and pines differ under difTerent fire regimes. In frequent tire stands, 

surface tire patterns, perhaps augmented by limited rooting space, appear to have 

Favoured small (10 - 20 m diameter), strongly clumped neighbourhoods of pole-sized 

pines. In contrast to the dumping of pines, dispened patterns amongst Q. sidero.rylla in 

RF1 and large Q. crassijolia in RF2 were consistent with fiequent fire preventing the 

formation of large monospecific oak neighbourhoods, such as that of Q. sideroxylia in 

DF2. Where fire had been absent for several decades, small and large pines formed 

patterns consistent with random establishment (DF 1) or localized germination around 

parent trees (DFZ). This impression may have been enhanced by the localization of large 

potential seed trees within specific quadrants of DF2. 

Spatial analyses provide indirect insights into stand formation processes rather than 

proof of causation (Ripley 1977), but they can produce results that are consistent with 

hypotheses and suggest lines of future research. In Madrean pine-oak forests, long-term 

research will be needed to understand and quantify the ecological processes that produce 

contrasting tree pattems under different stand conditions, disturbance regimes and 

harvesting intensities. For example, the relative importance of vegetative reproduction 

versus seed germination in Mexican oaks is unknown, as are the factors (soil disturbance, 

mechanical damage to roots, or perhaps, infestation by mistletoe) that lead to the 

production of root sprouts. Seedling viability of Madrean pines in the soil seed bank is 

also unknown, although most north Amencan pine seeds survive poorly once re!eased 

from the cone (Farmer Jr. 1997). The role played by animal dispersal and caching in 

producing the initial patterns of germinants is also unknown, and probably important. 



Finally, observations that appear to contradict previous findings, or which could not 

be explained within the hmework of hypotheses used in this study require tùrther 

research. For example, if oaks reproduce clonally, clumping of small trees around large 

trees would be expected (Berg and Hamrick 1994). Therefore, the observation that small 

and large Q. crassifolia were clumped only at longer distances requires further 

investigation Similarly, differences in spatial pattern formation between different pine 

and oak species within individual plots, especially DF2 will require further research that 

better characterizes dispersai patterns and environmental tolerances. The questions raised 

by the above observations are likely to require the expenmental manipulation of 

disturbance, monitoring of permanent study plots, and the excavation of oak and pine 

root systems. Only then will it be possible to predict the outcome of interspecific 

interactions under different disturbance regirnes and stand conditions with any degree of 

confidence. 



Chapter 5 

RESIDUAL STAND STRUCTURES AND FUTURE TRAJECTORIES OF POST 

HARVEST STANDS IN THE SIERRA MADRE OCCIDENTAL, MEXICO. 

5.1  Abstract  

Diameter distributions and changes in basal area before and after logging were 

analyzed in Madrean pine-oak stands that had recently been partially cut. Possible future 

stand structures were also analyzed using a combined transition matriddisturbance mode1 

to project seedling germination and stand development under a number of different 

surface tire regirnes. Selective cutting before 1988 and subsequent application of a 

partial cut silvicultural system, the Method of Silvicultural Development (MDS) were 

shown to have progressively eliminated the largest trees from the study sites. Stands 

were predicted to recover their pre-harvest basal areas in the absence of fire and with fire 

intervals of 15 and 30 years. However, in the no fire and 30 year fire scenarios, most 

basal area was aIIocated to numerous trees less than 10 cm dbh that were able to survive 

to maturity in the absence of frequent fires. Under 15 year fire return intervals, basal area 

was predicted to recover to near-pre-harvest levels and excessive recruitment of new trees 

was kept in check. Under a 7 year fire regime, few new trees survived and more larger 

trees were predicted to die through tire. Although some important factors had to be 

ornitted from the mode1 for lack of data, the model's predictions are consistent with the 

dynamics observe in other Madrean and southwestern pine ecosystems. From a forest 



management perspective, the model results suggest that basal area recovery and stand 

structure would be optimized under an intermediate fire regime. 

Keywords: Stand structure, pine-oak forests, partial cutting, surface fire regime, 
historical bioassay model, 

5.2 In t roduct ion 

The pine-oak forests of Mexico's Sierra Madre Occidental provide an opportunity to 

examine changes to forest stand structures wrought by the initiation of industrial 

harvesting regimes. Parts of these forests still expenence frequent surface fires that were 

typical of pre-settlement long-needled pine forests across the US southwest and nonhein 

Mexico (see, for example, Marshall Jr. 1957; Cooper 1960; Covington and Moore 1994; 

Fulé and Covington 1997, and Chapter 2). Commercial logging has a comparatively 

recent history in these forests. While ad-hoc logging operations have been common in 

the Sierra Madre Occidental since the 1940's (Emesto Alvaredo, persona1 

communication), widespread exploitation dates from the 1960s (Instituto Nacional de 

Estadistica 1997). 

Federally rnandated silviculture systems have tended to be consewative. From 1960 

- 1980, 78.8% of harvesting was done using a selection harvesting system with 

utilization standards based on diameter limits (the Método Mericano de Ordinacih de 

Montes or MMOM).  Since 1973, a modified sheltenvood technique, the Método de 

Manejo Forestal de Desarrollo Silvicola (Method of Sihicultural Development or MDS) 

has been increasingly used in the Sierra (Rodnguez et al. 1993). The M D S  ideally 

consists of five stand entries at 16 year intervals. The first three entries are aclareos 



(thimings) which are followed by a corta de regeneracibn (regeneration cut) which 

removes 38 - 64% of the residual basal area (Planning database, UCODEFO No. 4). 

Later. subject to adequate germination and survival of natural regeneration, a corta de 

liberacibn (liberation cut) may be used to remove residual adult trees. 

Forest managers and the members of the ejido cornrnunities that own forest 

concessions have begun to express interest in certiQing their forests under the Forest 

Stewardship Council's principles and criteria for managing natural forests (Bacon 1996, 

Dan Klooster, persona1 communication, Iesus Soto Rodnguez, personai communication). 

At every stage of their evolution, these principles and criteria have prioritized the 

maintenance of 'natural' forest structures and ecological processes (Forest Stewardship 

Council 1996; 1999). It follows that certification, if it is to be credible, should only be 

gained by forest coocessions in which natural disturbance regimes continue (or are 

simulated), and where pre-harvest stand structures have been substantially conserved. In 

this paper, 1 report on the effects of recent industrial logging on pine-oak stands that were 

previously subject to minimal selection harvesting or were unharvested. The pnrnary 

goals of the study were to (0 describe changes in stand diameter distributions and vertical 

structure that resulting fiom recent regeneration cuts, and (ii) explore possible future 

stand structures and species composition trajectories under a variety of disturbance 

regimes using matrix projection and historical bioassay models. In particular, modelling 

of post-disturbance regeneration was employed to explore the potential of different 

surface fire regimes to alter the relative dominance of the most abundant pine and oak 

species. n i e  principal vehicle for the study was data from five large, intensively sampled 

forest plots supplemented by data fiom 29 extensively sampled stands. 



5.2.1 Study sites 

Study sites were located in a 23,790 ha. managed forest in the western Sierra Madre 

Occidental, approximately 190 km southwest of the city of Durango. This concession is 

the sornmunally controlled land base of the ejido of Vencedores, a community whose 

economy is centred on forest products. The technical aspects of forest management are 

overseen by a federally appointed management agency, the UCODEFO No. 4. The basic 

biogeography of Vencedores' forests has been described in the General Introduction and 

Chapter 2. Stands are usually dominated by between two and four species of pines and 

oaks with minor components of Juniperus depeanna, Arbtrtus spp., Ufmus and, 

occasionally, Populus tremuloides. These species are typical of forests in the Central 

Region of the Sierra Madre Occidental at a mean altitude of 2600 mas1 (Hemandez et al. 

1992). 

Planned harvests using the MDS have been carried out in Vencedores' forests since 

1989, although some stands were selectively cut previously using the MMOM, which is 

still used on slopes steeper than 50%. Any of the MDS treatments may be prescribed, 

depending on existing stand structure and the judgement of the foresters (hg.  Ramon 

Silva, persona1 communication). In stands characterized as 'ovemature', regeneration 

cuts may be carried out without previous t h i ~ i n g s  . Foresters interpret the eventual goal 

of the MDS as the progressive "normalization" of stand ages in the working forest to 

allow equal areas of even-aged stands to receive one of the 5 MDS treatments amually 

(Anchondo 199 1; Bacon 1996, Ing. Jesus Soto Rodriguez, persona1 communication). 



5 . 3 Methods 

5.3.1 Field methods 

Two sets of field data were used in this paper. One data set came from five large 

forest plots (four 0.36 ha. plots and one of 0.25 ha.) that were completely enumerated in 

spring, 1999 (dl). The other data set comprised 29 stands sampled using point centred 

quarters to sample trees (Cottam and Curtis 1956; Mueller-Dombois and Ellenberg 1974) 

and 10 x 5 m plots for natural regeneration (d2). The extensively sampled stands had 

experienced a wide vanety of recent fire histones. and contained differing densities of 

trees and natural regeneration. The large forest plots were a subset of the extensively 

sampled stands that were selected to represent di fferent tire histories within similar 

harvesting regimes. Al1 five plots had been regeneration cut within five years of 

sampling and had expenenced surface fires 6 (Wl), 13 (RFZ), 24 (MF), 42 (DF1) and 

32 (DF2) years before sampling. Full details of sampling techniques used in d l  and d2 

are contained in Chapters 2 and 3, respectively. Because sample sizes were larger and 

collected over a contiguous area in d l ,  analyses concentrate on the population dynamics 

of the large plots. The ci2 data set was used to provide supplementary data (for example, 

seedling rnortality during very recent fires) or data to estimaie variables that were not 

measured in d l  (for example, tree height) due to constraints on field tirne. 

5.3.2 Statistical analyses 

Goal I ,  the description of changes to forest structure caused by regeneration cuts, was 

addressed through statistical analyses of diameter distributions and vertical stnicture. 

The effects of harvesting on the residual diameter distributions of the d l  and ci2 data sets 



were tested using replicated G-Tests (Sokal and RohIf 1981). An advantage of using G- 

tests is thar rows of a contingency table cari be tested individually for departure from their 

expected ratios. The resulting G values and degrees of heedom are additive (Sokal and 

Rohlf 1981). In this case 5 cm. diameter classes were tested for conformity to the nul1 

hypothesis that the proportions of stumps in each diameter class was equal to the 

proportion of stumps in the pooled tree populations of dl and d2. 

The vertical heterogeneity of the original and residual d l  stands were analyzed using 

Gini coefficients of inequality (Dixon et al. 1987, and see equation 5.1). Stratification of 

these stands into different canopy layers was also investigated using the vertical 

stratification algorithm of Latham (1998). Height distributions in the original stand were 

reconstructed using diameter-height regressions. The sample Gini coeffient is: 

Equation 5.1 

where the Xi are the heights of trees ranked in ascending order. Values for the Gini 

coefficient range from O (when al1 heights are equal) to 1.0 (in an infinitely 

heterogeneous population in which al1 members except one would have heights of O). 

Latham et al's (1998) algorithm defines vertical strata according to the competitive 

potential of conspecifics ranked by height. Potential cornpetitors within a stratum are 

defined by the expression HBLC + pCL, (where HBLC = height to base of live crown, p 

= a percentage defined by the user, and CL = crown length). A new stratum is defined 

when the nth ranked tree is shorter than the cornpetition cut-off point defined above. 



Since tree heights were not collected in d l ,  and were obviously not available for 

stumps, estimates of tree heights were calculated from diameterheight regressions using 

data from d2. Crown heights were estimated by measuring them on projected images of 

35 mm slides. Afier measuring 20 - 30 such trees for each species, average live crown 

heights, as proportions of total height, were assigned to each species. These proportions 

were then multiplied by the tree heights that were calculated from regression analysis. 

Competition cut-off points were defined as HBLC + 0.4CL, as in Latham (1998). 

5.3.3 Populat ion projection modets 

Goal (ii), the rnodelling of stand structure trajectones, was addressed using a 

rnodifted transition matrix approach to model growth and mortality trends of dominant 

pine and oak species under several fire frequency scenarios. Transition matrices (Leslie 

1945; Lefkovitch 1965) are nomally used with time series data to project outcomes of 

different life history strategies, or to calculate asymptotic population growth rates (X) 

under constant environmental conditions (Bierzychudek 1999). However, in this study, 

frequent mortality due to surface fire and changes in seedling germination rates with time 

since fire were made features of the model to approximate real-world stand dynamics. 

Using the 1999 seedling and tree populations as starting points, germination, 

mortality and recruitment of seedlings and new trees were modelled for the dominant 

pine and oak species in two of the dl  stands, RF1 and In@. Pinus durangensis and P. 

teocote seedling populations were combined in W I because they grow in mixed species 

patches on similar microsites. Pinus leiophylla was the dominant pine in LntF and 

Quercus sidero.rylla was the dominant oak in both stands. 



Three fire regimes, al1 within the observed range of actual fire intervals in the area, 

were simulated in these stands for 45 years. A frequent fire regime (FF) began with a 

surface fire at year zero, with fùrther fires at seven year intervals. An intermediate fire 

regime (IF) incorporated fires at 15 years intervals from year zero, and a long fire interval 

regime (LF) comprised just two fires with an interval of thirty years. Finally, future 

populations of seedlings and trees were projected in the absence of fire over 45 yean. 

Growth and monality were modelled in four seedling height classes: (Grn - 

germinating seedlings less than 10 cm. tall, Hc2 - seedlings 10-50cm. tall, Hc3-saplings 

50cm-2.5m tall, and Hc 4-large saplings 2.5-3.0m. tall). Residence times of pine 

seedlings in height classes were based on linear regression estimates between seedling 

heights and numben of intemodes (Table 5.1). Baseline transition probabilities were 

then calculated as lhesidence time in class. Similar calculations could not be done for 

oaks because no reliabie method exists for aging oak seedlings from the Sierra Madre 

Occidental. Therefore each fire regime was modelled using arbitrary approximations of 

oak age equal to, 20% larger and 20% smaller than the age estimates for pines. Saplings 

in Hc4 were recruited into a 4 - 1 O cm dbh tree class. 

A second growth and mortality model was calculated for new trees recruited fkom the 

seedling model and for individual trees from the residual stands. Diameter growth in new 

trees was generated from random uniforrn distributions, in which every value of a 

variable has an equal probability of occurrence. Distribution limits were chosen to span 

the ranges of mean diameter increment in the last five years of growth for samples of 

cored trees in the same diameter class. Diameter increments of individual trees were 

estimated From regressions between diameter and mean five year basal area increments 



for subsets of cored trees from stands in the same site class as the stand being modelled. 

Basal area increment was then back-transformed to yield diameter increase. 

It was envisaged that four major controls would determine the outcome of the 

different fire scenarios (Figure 5.1). These were (i) fire induced mortality in seedlings 

and trees, (ii) changing rates of post-fire germination and vegetative reproduction through 

time, (iii) mortality of seedlings due to drought (see, for example Peet 1981; Barton 

1993) and ( iv)  density-dependant mortality of growing tree populations. Because these 

factors are extremely variable in real stands, they were rnodelled as mean values of 1000 

samples generated from random uniforrn distributions. The distribution boundaries were 

derived from examples in the literature and from local data (Table 5.1). 

Estimates of fire-induced mortality of pine seedlings were derived from counts on 

two of the d2 sites that had burned two and three years prior to the 1997 sampling period. 

Most of these dead pines were >50 cm tall, and small pines killed by fire were seldom 

encountered. Therefore average fire mortality in pines <50 cm was set somewhat higher 

than for the larger height classes (Table 5.1). Similarly, few dead oak seedlings were 

found, even in sites where fire had occurred within five years of sampling and fire-killed 

mature oaks were seen. For this reason, and because of abundant evidence that oak are 

more susceptible to fire than pines (Rebertus et al. 1989a; 1989b; 1994; Barton 1995; 

1999), oak seedling survival was set to be, on average, 10% lower than that of pines. 

Rates of pine germination and the combined germination/vegetative regeneration 

rates of oaks were expected to change with increasing time since fire. Although data on 

seed min and changes in seed bed conditions with time since fire were lacking, 



regressions of seedling numbers against time since fire could provide reasonable 

surrogates for changing conditions. Therefore, tirne-specific estimates of germination 

rates were made using regressions of time since Tire versus numbers of seedlings in the 5 

10 cm height class in the ci2 data set. Numbers of germinants in each post-fire year were 

modelled using 1000 random uniform replicates based on the 95% confidence limits of 

these regression equations. These Ied to 1000 estimates of seedlings in Hc2, 3 and 4, 

accounting for post-fire survival of the original sample. This process led to 1000 

estimates for the numbers of new trees added to the stand in each post-fire year. 

Table 5.1 Seedling abundances in 1999, transition probabilities and mortality parameters 
used for modelling fire effects in two 0.36 ha plots. 

Pine Oak* 

- - - - - -- - - - - - 

1999 abundance - RF 1 420 383 707 58 56 96 145 5 

1999 abundance - IntF 54 122 120 7 350 436 119 9 

Transition Probabilities* 1.0 0.33 0.076 0.33 1.0 0.33 0.076 0.33 

Fire Induced mortality 0.7-0.9 0.3-0.7 0.3-0.6 0.2-0.6 0.8- 1.0 0.7-0.9 0.6-0.9 0.5-0.8 

Drought mortality 0.4-0.6 0.2-0.6 - - 0.4-0.6 0.2-0.6 - - 

* Oak transition probabilities were also modelled assurning growth rates (transition probabilities) that were 
20% higher and 20% lower han  those shown 

Trees were exposed to three sources of mortality. Random (or background) mortality 

is the chance of death due to random events, such as windthrow or disease that trees may 

be exposed to annually (Botkin et al. 1972; Keane et al. 1990). Fire-induced mortality in 

trees was assumed to depend on tree bark thickness and percentage of crown scorched, 



and was calculated fiom equations in Ryan and Reinhardt (1988) and Keane et ai (1990, 

see also Table 5.2). For this purpose, pine crowns were modelled as cones and those of 

oaks as simple cylinders. Bark thickness was estimated from relationships between 

inside bark and outside bark diameters of small sub-samples of trees. 

Density dependant mortality was assumed to affect trees up to 20 cm dbh since self- 

thiming equations for Madrean pines and oaks could not be found in the literature. Self- 

thinning models also refer to monospecific even-aged stands (Zeide 1987), and therefore 

may not be applicable to the multi-strata and muiti-species stands of the Sierra Madre 

Occidental. Estimation of density-dependant mortality was also complicated by the 

spatial patchiness of tree distribution (Chapter 4). On average, 80-90% of trees in the 10 

cm diameter class were growing on 20 - 25% of the 2.5 x 2.5 m subplots in each stand. 

Therefore, density-dependant mortality was assumed to become more imponant when 

new and residual tree density on 20% of a 0.36 ha plot exceeded two trees per 2.5 x 2.5 m 

plot (230 trees in the 10 and 20 cm diameter classes). Random diarneter increments were 

modified by the ratio between the cumulative nurnbers of new trees and the threshold for 

diameter reduction. Therefore, as numbers of trees increased, average diameter increment 

decreased. Trees whose increments fell below 0.5 mm in any year were killed. 

Intenpecific density-dependant mortality was not included in the tree model. In 

Chapter 4, oaks and pines were segregated at larger distances or distributed at random, 

while being clumped within species. Interspecific spatial patterns were only inferred as 

indicating direct competition in DF2 (Table 4.3). These observations suggest that, under 

current stand conditions, intraspecific cornpetition is stronger than interspecific 



Numbers of New 

- YES 

1 Fire rnortality 1 

Drought mortality 4- c 
Grow Seedlings and distribute 

amongst height classes 

Saplings remit to 

Grow trees, 
distribute amongst 
diameter classes 
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competition. Dendrochronological analyses of ponderosa pine-Gambe1 oak interactions 

in Arizona support these observations by demonstrating that pine radial incrernents are 

affected by proximity to other pines, but not oaks (Biondi et al. 1992). 

Table 5.2 Calculation of growth and mortality factors used in the tree model. 

- - 

Factor Equation or how determined Source 

Diameter growth 
(individual trees) 

Diameter growth 
(new trees) 

Random rnortdity 

Increment 
modification for 
density-dependant 
mortality 

Fire-induced 
mortality 

Linear regression relating average basal area increment to 
diarneter 

Random uniform distribution between O and maximum diarneter 
increment in each diameter class 

M. = 4/Ma?timum age 

Ma.  Age set rit 350 years for al1 species 

T =  cumuiative new and individual tree numbers in year O 
(year of fire) - n, and Q = yearly increment in jth diameter 
class 

BT = bark thickness (mm); C = crown scorch (% of volume) 

- 

- 

Botkin et al. 
( 1972) 

- 

Ryan and 
Reinhardt 
( 19881, 
Keane et al. 
( 1990) 

5.4  Resu l ts  

5.4.1 Statistical analysis  

Replicated G-tests revealed that proportions of live pines and sturnps in individual 

diameter class differed significantly from the proportions present in whole populations in 

both data sets (Dunn-Sidak corrected p 5 0.0050). Fewer pines had been cut in the 



smaller diameter classes (< 20 cm dbh) while a disproportionately high number of pines 

were cut in diameter classes over 35 cm dbh (Tables 5.3 and 5.4). In contrast, 

proportions of cut stems seldom departed from expectation in oak diameter classes, 

although G-tests of the heterogeneity of diameter class ratios (Gh) were significant (p < 

0.05). Tests for different ratios of live pines and selectively cut stumps and of recently 

cut (i.e. regeneration cut) stumps and selectively cut stumps departed significantly fiom 

expectation in wo diameter classes, 5 30 cm and > 30 cm @ r 0.025). 

Gini coefficients were less informative than were the G-tests. A11 coefficients were 

less than 0.2, indicating surprisingly low height heterogeneity. The largest difference 

between reconstmcted and residual height distributions in any stand was less than 0.027 

(out of a total possible difference of 1.0). Latham's vertical stratification algorithm 

distinguished 6 - 10 canopy layers in each stand. These results describe stands with 

almost continuous height distributions, but in which the majonty of stems fa11 into one or 

two of the shorter height classes. 

5.4.2 Growth and mortality mode1 

Seediings 

Regression dopes of time since Tire venus numbers of germinating seedlings were 

significantly negative for P. durangensis/ P. teocote (2 = 25.35, Fi, 25 = 8.491, p = 

0.0074) and positive for Q. sidemxJ;lla (j = 28.49, Fi,  24 = 9.563, p = 0.0049). The 

regression slope for P. leiophylla was negative, non-significant, but had a large 

coefficient of determination (2 = 89.29, Fi, 1 = 8.333, p = 0.2123). The population 

dynamics of seedlings, and therefore the recmitment of saplings into the smallest tree 



diameter class, was shaped in part by the regression equations and in part by the numbers 

of seedlings that were present in the original plots. 

Although their post-fire germination curves sloped in opposite directions, the Cumes 

of gerrninant recruitment into larger seedling classes were similar for pines and oaks 

under 7 and 15 year fire regimes (Figure 5.2ah). However, under a 30 year regime and 

in the absence of fire, recruitment curves For oaks followed a continuous upward 

trajectory (Figure 5 .2~) .  Under 30 year fire regimes, pine sapling recruitrnent peaked at 

15 - 17 years, curving downwards thereafter (Figure 5.2d). In the absence of fire, P. 

durangensis/ P. teocote sapling recruitment peaked at 10 - 12 yean while the P. 

leiophyila sapling recruitment curve was gently undulating and displayed no obvious 

trend (Figure 5.2e/f). 

Trees 

Four major predictions were made by the tree model; (i) stem density of oaks and 

pines would increase greatly in the absence of fire, (ii) 15 or 30 year fire intervals would 

also allow substantial increases in stem numbers and basal areas of pines and oaks, (iii) 

oaks would be more sensitive to variations in scorch height than pines, and (iv) more 

pines would survive into the 10 - 20 cm diameter class under the 30 and 15 year fire 

regimes, but few oaks would survive to the second diameter class under any combination 

of ore interval and scorch height. 

In the absence of fire, the tree model predicted constantly increasing recruimient of 

new pines and oaks in both stands. Annual increments were reduced by up to 80% and 

most of the growth in basal area was due to the addition of new, small trees to the plots. 



Ln spite of random and density-dependant mortality rates that ranged fiorn 25 - 6 1%, new 

tree densities were predicted to have increased to 5- 10 times those of the original stands 

by year 45 (Figure 5.3a/b). The biggest proponional increase in stem numbers was 

predicted for oaks in IntF, which increased by 1050% over the 45 years although basal 

area increased by only 189% during the sarne period. Final pooled stem densities were 

2475 and 17 10 stems per 0.36 ha for RF1 and IntF respectively (Table 5.5). 

As expected, repeated fire greatly modified stem recruitment. Under a thirty year fire 

regime, stem density continued to increase because some trees had grown large enough to 

escape the killing effects of crown scorch. Pine stem density and basal area increased 

more than that of oaks under this regirne. Under 15 year fire regimes, stem densities of 

al1 trees continued to increase despite fire mortality, while 7 year fires resulted in 18% 

fewer P. dtrrangensid P. teocote in RF 1 and 57% and 83% fewer Q. sideroxykz in RF 1 

and IntF, respectively. 



Table 5.3 Pooled trec populations in 5 cm diaiiictcr classcs in d 1 data together wiih results of G-tests for cquality of ratios. If 
one or more diameter classes contained less than five trees, they wcre poolcd for analysis. Probability values are 
Dunn-Sidak corrccted for thc number ~Treplicates iii  cach population on test. Probability levels are indicatcd by ** 
p < Dunn-Sidak maximum p; **+ p < 0.00 1 ; (*) p 5 0.05 '. Dunn-Sidak correctcd p 

Pincs G-Test Statistics (pines) Oaks 

Diamctcr 111 121 Stunips 13) Stumps 111 VS 121 11 I vs 131 121 vs 131 Stunips G-Test 
Class (cm) Livc (Hcccnt) (sclcction) (p < 0.005) (p S 0.025) 0, 5 0.025) Live (Recent) (p s 0.01 25) 

- tlclcrogcncity C 1 10.46*** 45.30*** 17.29*** 

1 bJ - Poolcd rcplicatcs 0.00 lis 0.OOris 0.0011s 

IcJ - Total G 110.50*** 45.30*** 17.29*** 



Table 5.4 Pooled tree populations in 5 cm diameter classes in  d2 data togethcr with results of G-tests for equality of ratios. If 
one or more diameter classes coniaincd less tlian fivc trees, ttiey werc poolcd for analysis. Probabiliiy values are 
Dunn-Sidak correctcd for the number of replicütcs in each population on test. Probability levels are indicated by +* 

p 2 Dunn-Siduk maximiiin p; **+ p < 0.00 1 ; (+) p < 0.05 <- Dunn-Sidak correctcd p 

Pines G-Test Statistics (pincs) Oaks 

Diiimctcr 11 1 121 Stumps 131 Sturnps 111 VS 121 1 1 ~ 3 1  1 2 1 ~ ~ 1 3 1  Stumps G-Test 
Class (cm) Live (Rcccnl) (sclcction) (p 5 0.005) (p 5 0.007 1 ) O, S 0.007 1) Livc (Rcccnt) O> <; 0.0083) 

(i-test oii wholc population 

(1.3011s 

0.35 11s 

1.48 11s 

O. 1 7 iis 

5.02 l is  

la1 - Hetcrogencity G 1 15.58*** 1 15,58*** 133.90*** 

lbl - Poolcd replicrites 0.00ns O.OOns O.UOns 

IcJ - Total G 1 16.81 *** 1 15.58*** 133.90*** 



GemJnants 

Heighttîaas2 

* Hifght chas 3 

Hiight ciass 4 

Yeats from sampling 

Figure 5.2 Examples of pine and oak recmitrnent curves under 7 year fire intervals and 
in the absence of fire. Occurrence of fire is indicated by black triangles. 
Height classes are as described in the text. 



In addition to experiencing higher mortality than pine under al1 fire regimes, oak 

mortality fell by 18 - 23% in the 15 year fire regime when the scorch height was reduced 

from 4 m to 2.5 m. This sensitivity occurred because the greater crown depths of oaks 

(5 1.2% of total height) made them more susceptible to changing fiame heights than pines. 

Oak mortality in IntF under the 30 year fire regime with a 6 m. scorch height was 10% 

higher than with a 4 m. scorch height. With an average crown depth of 21.9% of total 

height, pines were more susceptible to a change in scorch height from 6 to 4 m under the 

30 year tire regime. Pinus durangensis/ P. teocote in RF1 had mortality reduced from 

83.6% to 50.6% of stems < lOcm dbh and from 58.7% to 36.4% for P. leiophylla in IntF. 

Because fire-induced mortality was concentrated in the < lOcm diameter class, total 

basal areas were less affected by fire than were stem densities. In the absence of fire, P. 

ditrangensis/ P. teocote and Q. sidero-rylla were predicted to exceed their pre-harvest 

basal areas by 149 - 581% (Figure 5.3& and e). These species also approached or 

recovered their pre-harvest basal areas under 15 and 30 year fire regirnes (Figure 5.3dd 

and h), although a higher proportion of basal area was allocated to small trees. Pinus 

leiophylla recovered 95.4% of its pre-harvest basal area in the absence of fire (Figure 

5.3e), but only 55.7 - 82.3% of the pre-hawest basal area under the different fire regimes 

(Figure 5.3g). Al1 tree species recovered the least basal area under the seven year fire 

regime because this tire interval was too short for trees to grow out of serious nsk of 

mortality. 
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Figure 5.3 Basal areas of pines and oaks at the end of the 45 year modelling cycle. 
Numbers in white on 5.3 (A) indicate 10 cm diameter classes: 1 :  510, 2: 10 - 
20,3: 20 - 30,4: 30 - 40,s: 40 - 50 and 6: 250 cm. 



Table 5.5 Numbers of pines and oaks in RF1 and IntF after 45 years. Scorch heights are 
s h o w  in parentheses afier the fire year designation; DC = diarneter class 

Numbers of trees 10.36ha plot 

Pre- 7yr 7yr lSyr lSyr 30yr 30yr 
Species (Stand) DC harvest (1) (2.5) (2.5) (4) (4) (6) No fire 

P. teocote 30 25 13 12 26 32 28 30 3 9 
(RF1) 

40 24 3 3 8 9 9 9 9 

1 O 2 3 32 3 O 184 164 275 22 1 440 

20 5 1 1 O 9 28 2 1 23 49 95 

P. leiophylla 30 37 6 6 2 1 17 30 14 16 
( IntF) 

40 2 5 14 14 13 18 9 12 16 

50 8 5 5 8 9 I I  7 7 

>50 O 3 2 2 3 O 2 1 

1 O 76 3 3 71 60 99 97 996 

20 43 3 2 16 13 27 3 3 I 08 

Q. sideru-* 30 16 2 4 15 1 3 12 6 13 
(IntF) 

40 8 5 3 12 6 1 O 1 O I l  

50 2 2 2 5 3 1 3 3 

>50 3 3 2 4 4 3 1 3 



5 .5  Discussion 

The data presented here show conclusively that historical selective logging and 

contemporary application of the MDS have progressively eliminated larger diameter 

classes from the Vencedores forest. The tree growth model predicted that the pine basal 

area lost to harvest could be recovered over 45 years in the absence of fire. However the 

model also predicted an explosive growth in the numbers of smaller stems in the absence 

of fire because of reduced mortality of al1 size classes. The numbers reported in Table 

5.4 are consistent with (IntF) or exceed (RFI) small tree densities in fire excluded 

southwestern pine ecosystems in southwestern USA and elsewhere in Mexico. For 

exarnple, at Ojito de Camellones in Durango, a site in which fire had been excluded for 

over 45 years supported 4748 stems per hectare that were taller than 1.3m (Fulé and 

Covington 1998). At the Gus Pearson Natural Area, ponderosa pine density in a 3.28 ha 

plot increased from 60 trees per hectare in 1876 to 3098 trees per hectare in 1992 

(Covington et al. 1997). Growth of pine-oak stands achieving such high densities would 

be reduced by root and crown competition, as reported by Biondi et a1.(1992) and Biondi 

( 1996). 

While the tree model predicted that growth would stagnate in the absence of fire and 

under longer fire retum intervals, it also predicted that tree numbers and basal areas 

would fail to recover their pre-harvest levels under a seven year fire regime. From the 

point of view of optimizing forest management options, the model predicted that a 15 

year fire return interval would achieve the best balance between growing new trees and 

maintaining stand growth processes. This regime was predicted to lirnit recruitment of 



large numben of small trees that could potentiaily reduce the growth of older stems 

(Biondi 1996). At the same time, the longer fire interval would allow some trees to grow 

above the scorch heights that were used here to be recruited into larger diameter classes. 

A sirnilar (20 year) prescnbed fire interval has been recommended for use with partial 

cutting to maintain mixed conifer stands in the inland forests of the US Pacific Northwest 

(Keane et al. 1990). 

Results frorn the combined seedling and tree models should be viewed as cautious 

first attempts to model the regrowth of logged pine oak stands under different fire 

regimes. Several model parameters could be greatly improved by the incorporation of 

fresh data or modified algorithms. For example, stand stagnation without Tire was 

predicted following the simulated germination of biologically conservative numbers of 

seedlings. In the simulations, up to 80% of seedlings could be killed by drought or fire, 

and predicted numbers of pine seedlings and saplings never exceeded 3500 per hectare. 

However, real post-logged stands commonly suppon 15000 - 27000 pine seedlings per 

hectare (Valencia 1992; Estrada et al. 1999). At the time of wnting, there are no data on 

intraspecific seedling cornpetition at these densities, nor is it known whether such 

densities occur in unlogged stands. The subsequent stand structure trajectory for stands 

which produce such high volumes of seedlings is also unknown for the Sierra Madre 

Occidental. Data from ponderosa pine-Gambe1 oak stands suggests that density 

dependant rnortality would be insufficient to prevent the development of a dense, thicket- 

like stand structure in the absence of subsequent fires. In the Gus Pearson Natural Area 

of Arizona, mortality of the numerous new pine trees that were recruited in the absence 



of fire was only 3% over 50 years while 18% of already established trees died during the 

same penod (Biondi 1996). 

The ubiquitous canle that graze throughout the study area may encourage the 

germination of high numbers of seedlings through soi1 disturbance (Mast and Veblen 

1999). Seedling populations are also subject to the coincidence of disturbance and good 

cone crops. which are themselves partly under environmental control. Because of lack of 

data, none of these factors could be included in the current models. Potential scorch 

heights for different fire intervals were estimated rather than calculated because the data 

required to calculate flame energy and height were unavailable. These data include 

energy contents of different fuels, their proportional representation in the stands and their 

moisture capacity under different conditions of temperature and humidity - (see Agee 

1993b). 

With respect to oaks, no distinction could be made between reproduction from seed 

and vegetative propagation from suckers and root sprouts. Each of these different 

reproduction strategies is likely to predominate under different conditions. Vegetative 

reproduction oflen follows mechanical damage or scorching, and some oaks reproduce 

prolifically following fire. Quercus cambii and Q rkophylla put forth thousands of fast- 

growing vegetative shoots following a wildfire in the Chapinque ecological park in the 

Sierra Madre Oriental (Jorge Garza Esparza, penonal communication). Ln Arizona, 

Barton (1999) found that Q. hypoleucoides. Q. emoryi, Q. mgosa and Q. arizonica were 

more susceptible to fire than pines, but that their populations recovered rapidly after 

sprouting. In longleaf pine ecosystems of southeastem USA, Q. Iaevis is moderately fire- 

resistant and resprouts prolifically afier fire (Rebertus et al. 1989a). Thus, vegetative 



sprouting can probably be regarded as a generally adopted reproductive strategy of oaks 

in semi-and, fire prone ecosystems. However, in this study, more oak regeneration was 

observed in stands with longer fire-free intervals. Near Ojito de Camellones, a stand with 

a 47 year fire- free period had 89 1 6 oaks per hectare under 1.3 m ta11 (Fulé and Covington 

1998), indicating that continuous reproduction of oaks is widespread. 

The foregoing observations underscore the need to more adequately describe the 

autecology of the many oak species that grow in the Sierra Madre Occidental. Models of' 

individual oak and pine species' susceptibilities to fire should also be derived from field 

data. Fire behaviour, energy and rates of Fuel build-up must also be descnbed before 

more precise models of forest regeneration and growth can be prepared. Nevertheless, 

the current mode1 has predicted biologically reasonable stand trajectones that are 

consistent with the results of historical reconstructions in similar southwestern pine 

ecosystems. The results presented here implied that fire suppression, a common forest 

management objective Mexico, will result in a less productive and commercially valuable 

forest dominated by small, decrepit trees. On the other hand, the low basal areas 

predicted under very short fire regimes would lead to fewer trees being recmited into 

larger diameter classes. Only 15 year fire intervals allowed the logged basal area to be 

regrown while restraining the recmiûnent of new trees. Research that verifies or falsifies 

these possibilities has the potential to improve the future management of the inherently 

fire-prone forests of the Sierra Madre Occidental. 



Chapter 6 

DISCUSSION AND GENERAL CONCLUSION: implications of 

research for forest management and prospects for certification 

6 . 1  In t roduct ion 

In this chapter, I summarize the research findings from the previous four chapters, 

their implications for future management strategies in Vencedores' forests, and their fit to 

the FSC certification criteria and indicators outlincd in Table 1.2. 

The ecological findings are first described and compared with studies of naniral 

regeneration and stand dynamics in other, more fully described pine ecosystems. 

Possible connections between species anatomy and ecological fùnction are also 

considered. Forest management implications, particularly the ability of foresters to 

secure appropriate quantities of' regeneration and maintain productive stand structures, 

are then discussed in greater detail. The current state of monitoring and inventory is also 

described and suggestions for necessary improvements are made on the basis of the 

ecological data. 1 then discuss the certifiability of Vencedores' forests in relationship to 

Principles 6 and 9 of the FSC. incidental, but important observations relating the 

conservation value of these forests are also included in this discussion. These 

observations, made during travels and numerous conversations with the people of the 

Sierra, allow some broader ecological consequences of forest management and the ejido's 



presence in the forest to be undentood. Finally, research gaps that must be filled before 

forest management in the Vencedores' area can be considered tmly sustainable are 

described. 

6.2 Summary of ecologica l  f indings 

6.2.1 Major research results 

The original goals of this thesis were (1) to assess abundance, species composition, 

spatial patterns, and environmental relationships of post-harvest natural regeneration, and 

(2) to investigate factors producing current stand conditions and stand trajectories that 

could be a consequence of those conditions. The impetus behind setting these goals was 

found in the FSC indicator 6.3 (maintenance of ecological processes, including natural 

regeneration and succession) and criterion 9 (maintenance of high conservation value 

forests). 

Although data on biological divenity in the Sierra Madre Occidental and Sky Islands 

are sparse (see, for example, Cirett-Galan 1996; Ganey et al. 1996; Gonzalez-Elizondo 

1997). there is good reason to believe that these forests harbour considerable biological 

diversity. However, there are few data describing the behaviour of Madrean forests 

under industrial management. Original ecological data on regeneration processes, 

disturbance and stand dynamics was therefore needed to evaluate the compliance of 

forest management in Vencedores' forests to the chosen criteria and indicators. The 

objectives of the ecological studies in this thesis were to (1) quanti@ the relative 

influence of Iogging venus the natural environment over natural regeneration, (2) 

examine microsite influences on regeneration within stands, (3) explore spatial patterns 



and cornpetition between trees and seedlings, and (4) analyze the effects of logging on 

stand structure and investigate hture stand trajectories. 

The main results of the ecological studies are as follows: 

1. Natural environmental factors account for approximately four times more 

variation in species composition and abundance than year of harvest. 

2. Steep topography. mineral soil exposure, the occurrence of surface Stones and 

widespread evidence for the passage of fire were associated with regeneration of 

the most cornmon fire-adapted pine species, Phus  ditrangensis and P. teocote. 

The most common oak, Quercus sidero.ry11~1, and P. leiophylla, a pine associated 

with intermediate fire regimes, were broadly associated with fine-textured soils 

with deep A horizons, deep litter layers and extensive crown cover. Other species 

were associated with specific site characters. For example Q. crassifolia was 

closely associated with denser tree cover on the steepest slopes and P. ayacahuite, 

a Haploxylon relative of P. strobus, was sbongly correlated with high crown 

cover and deep LFH layers. 

3. Within stands on sloping sites that had experienced recent fire, spatially 

heterogeneous pine regeneration was associated with stony, minera1 soil 

microsites. Oak regeneration was less spatially heterogeneous and had weaker 

microsite associations. In stands with longer fire-free intervals, both spatial 

heterogeneity and species-microsite associations were more poorly developed. 

These observations are consistent with the uneven passage of surface fires 

creating ephemeral, spatially heterogeneous mineral soi1 microsites that favoured 



pine germination. Differences in fire line intensity can be caused by uneven fuel 

distribution, differences in dope and patchy vegetation patterns resulting from 

previous fires. Oak sprouts and seedlings were distributed relatively 

homogeneously in al1 stands and tended to have weaker microsite associations 

than did pines. 

4. The potential influence of tire in molding regeneration patterns may be extended 

to interspecific and intraspecific spatial patterns of mature trees. While different 

diameter classes of individual pine species were spatially dissociated in Frequent 

fire stands, the same species diameter classes were spatially clustered or 

distributed at random in stands with longer fire-free intervals. In contrast, while 

Q. sidero.rylla was distributed randomly with respect to P. durangensis and P. 

teocote in frequent fire stands, they were spatially dissociated in the long tire 

interval stand where they occurred together. 

5. The result reported in (4) is consistent with the development of near mono- 

specific neighbourhoods in the absence of fire on some sites. However, 

intraspecific competition was only marginally more likely than interspecific 

competition amongst seedlings, and spatial segregation between different seedling 

species was weakly developed. 

6. Time since fire was negatively associated with numbers of fint year germinants in 

P. durangensis/ P. teocote and P. leiophylla but positively associated with the 

occurrence of Q. sidero-ryIlu shorter than 10 cm. Modelling these relationships 

under different surface fire regirnes produced contmsting curves of seedling and 



sapling abundance of pines and oaks. However, subsequent recmitment and 

development of new trees were predicted to follow similar patterns in both cases. 

Absence of £ire and long (30 year) fire intervals produced stands of dense pole- 

stage and smaller trees whose growth would probably stagnate. Short (7 year) fire 

intervals allowed few new trees to survive and reduced the numbers of larger trees 

over many repetitions. Only intermediate ( 15 year) fire interval models predicted 

a balance between individual tree recniitment and growth maintenance. 

7. Finally, cornparisons of pre-harvest and post-harvest diameter distributions 

showed that large pines had been preferentially harvested under both the selection 

(MMOM) and partial cut (MDS) silvicultural systems. Fifieen year fire intervals 

came closest to restoring pre-harvest stand structures that had been altered by this 

selective harvest. Under this regime, suffkient new trees survived to restore pre- 

harvest basal areas and the growth and survival of trees already growing on the 

sites restored much of the basal area that formerly existed in the larger diameter 

classes. 

In reviewing these results, it should be noted that evidence for the passage of fire and 

fire year were confounded with topography, soils and stand density. No sloping sites 

were found without evidence for the passage of recent fires while only two lower slope 

sites had experienced fires less than ten years before sarnpling. The available evidence 

therefore reflects pattems of fire fiequency in the conceptual mode1 of fire behaviour in 

Agee (1993b). In terms of accounting for the effects of different environmental variables 

on regeneration, soi1 properties and microsite characteristics that reflect slope processes 

cannot be readily distinguished fiom those that are the results of fire. Fires may be both 



more fiequent and widespread on sloping sites relative to valley bottoms where soils and 

fùels are moister and the effects of convection are not felt. Slopes expenencing fiequent 

fire rnay therefore be depleted of organic rnatter and experience greater surface runoff 

and erosion (Neary et al. 1996). These processes can also be driven by colluviation, 

downslope leaching of organic materials and heavy min. 

Although the available fire tirne senes from Vencedores are fairly short, they are 

consistent with surface fire regimes 1-3 in Figure 1.3 (light to severe surface fires at 

intervals of b i - 225 years). Fire regime 4 (Short retum interval crown fires) definitely 

occun, but only a few areas of compIetely fire-killed trees were observed in the 

hinterland around Vencedores. 

6.2.2 Relationships with other studies and anatomical considerations 

Results of this s ~ d y  are consistent with those obtained from other studies in the 

Sierra Madre Occidental, southwestern ponderosa pine systems and pine-oak ecosystems 

in Arizona and southeastem USA. Results from these systems support the following 

generalities: 

Histonc regimes of frequent fires promoted but also thimed out pine 

regeneration, limiting recruitment and maintaining open, even park-like stand 

structures (Cooper 1960; White 1985; 1994; Covington et al. 1997). 

In ponderosa pine ecosystems, fire suppression and grazing promoted the 

development of dense "dog-hair" thickets, and on some sites, replacement of 

pines by shade-tolerant species (Kolb et al. 1994; Fulé and Covington 1997). 

These stand structural changes increase the risk of catastrophic crown fires 



throughout the range of ponderosa pine (Covington 1993; Covington and Moore 

1994). 

In pine-oak sites, £ire suppression or infiequent fires permits the preferential 

survival of oak vegetative reproduction and stands become more densely 

populated by small stems (Barton 1999; Gilliam and Plan 1999). 

Fire frequency may modify the relative proportions of fire-resistant pines and fire 

enduring oaks on different sites. Frequent fires favour pine reproduction over that 

of oaks in a number of forest systerns. However, persistent frequent fires can 

drastically reduce the survival of both oaks and pines to adulthood (Peet 1981; 

Barton 1999). 

A stochastic regime of short interval fires punctuated by longer fire-free intervals 

allows recruitment of saplings to adult trees to take place (Peet 198 1; Keane et al. 

1990). 

Many of the stand-structural elements described above are present in Vencedores' 

forests and in the stands in Ojito de Camellones studied by Fulé and Covington. Site 

cornpansons and retroactive studies support the generality that oak densities increase 

when fire intervals are longer (Fulé and Covington 1994; 1998, Chapters 2 and 3). In 

Vencedores and Ojito de Camellones, longer fire intervals were associated with greater 

tree density, but nowhere did extremes of density approach those reported for fire- 

suppressed ponderosa pine stands (Covington et al. 1997) or predicted by my tree growth 

mode1 in the absence of fire. 



Controls on reproduction and survival that were neither measured during field work 

nor included in the seedling and tree models may limit stand density in the absence of 

fire. Ahlgren (1976) observed that successful white pine regeneration in the Minnesota 

depended upon the coincidence of a good cone crop within three years of fire or logging. 

Frequency of good cone years is unknown for pine species in the Sierra Madre, although 

Pinics cooperi seed orchards near San Miguel de Cnices may not have experienced a 

good cone crop for 10 years (hg.  Pedro Castro Diaz, persona1 communication). Other 

possible controls on tree survival include variations in soil quality (for example, the 

occurrence of bedrock close to the soil surface), variations in climate and fire-frequency 

due to Southem Oscillation extremes (Swetnam and Betancourt 1990), seed predation 

(Lanner 1998) and pest outbreaks. 

The role of cattle, which are present at low densities throughout Vencedores' forests, 

also requires clarification. No attempt to measure their effects on regeneration was made 

in this study because they are a ubiquitous, low level presence and no cattle-free areas 

exist to provide controls. In southwestern USA, overgrazing of competing vegetation and 

soil baring activities of canle are widely blamed for epidemic density increases in 

ponderosa pine (Cooper 1960; Covington and Moore 1994; Mast and Veblen 1999). 

However, Estrada (unpublished manuscript) suggested that cattle in the Sierra Madre 

occidental were responsible for destroying regeneration by trampling and occasional 

browsing. 

The roles of al1 the above-mentioned factors and the gathenng of improved data on 

fire and drought mortality, cone crops. and cornpetition should be factored into future 

research (see "Future research" below). 



Few data describe the hnctional anatomy of Mexican pines, in spite of Mexico's 

position as a major centre of pine divenity and the importance of anatomy as an 

ecological indicator (McCune 1988). Perry's (199 1) book describes each Mexican pine 

species in general detail but may contain insufficient data to analyze intenpecific 

differences. McCune's (1988) major work that grouped North Amencan pines into 

Functional guilds based on anatomical traits included only three species with widespread 

occurrence in Mexico, Pinus leiophylla, P. ponderosa and P. cembroides. With the 

exception of their palaeohistory, Mexican pines were almost completely excluded from a 

recent major review of the ecology of Pinus (Richardson (ed) 1998). With the exception 

of their taxonomy, the numerous oak species have been even less well studied than the 

The morphology and developmental traits of pine species have been clearly related to 

prevailing disturbance regimes (McCune 1988; Keeley and Zedler 1998). Although they 

are not precisely quantified, the gross traits of Mexican pines from Vencedores' forests 

are consistent with physical environmental and fire regime data (see Table 1.3 and Figure 

1.4). In terrns of McCune's ecological groupings, Pinus durangensis. P. teocote and P. 

engelmannii would probably fa11 into the fire-resistant group 1. However, although they 

are thick-barked, self-pruning and have armed cones, neither P. durangensis nor P. 

feocote have particularly large cones or seeds. Pinus teocote also grows epicormic 

sprouts on its tnink, a potentially disadvantageous behaviour in tire-prone stands. Pinus 

ayacahuite would definitely fa11 into group 2, shade-tolerant mesophytes, and has the 

precocious reproduction, thin bark and unarmed cone scales. Pinus ayocahuite gows in 

al1 stand conditions seen in Chapter 2, but was restricted to microsites with deep litter and 



full canopy cover and was always an understory tree on dry sites. Pinus couperi has the 

charactenstics of £ire resisters, including larger cones than P. durangensis, but was found 

growing in lowland sites with longer fire-free intervals. 

Pinur leiophylla was assigned to the fire-resilient group 4 in McCune's study, a group 

characterized by serotiny, srnaIl seeds and abundant reproduction. Madrean P. 

leiophyllae appeared to share only one characteristic with the trees of McCune's group 4, 

namely widespread vegetative sprouting, and it appears that the P. leiophyllae are 

morphologically quite distinct From their southwestern US counterparts. The P. 

leiophyllae of the Sierra Madre Occidental have very thick bark (Figure 1.3b), have 

straight well-pruned tmnks, and. at least around Vencedores, have non-serotinous cones, 

characteristics of' fire resisters. Those from the southwestern USA are descnbed as limby 

and crooked, a characteristic that persists even when they are planted in different 

environments (Perry Jr. 199 1 ). 

The above observations highlight the potential dangers of drawing comparisons 

between Mexican pine-oak ecosystems and similar systems in the USA and elsewhere. 

While the occurrence of fiequent fire can be regarded as a unifjhg influence throughout 

the mountain forests of southwestern North America, climate regimes vary widely 

between Arizona and Durango. In Vencedores, the range of mean monthly temperatures 

is considerably less, and annual precipitation is greater than in the ponderosa pine forests 

of Arizona (UCODEFO No.4, unpublished data; Knight, 1994). Adaptive traits may 

therefore combine quite differently and ecological plasticity of species vary widely 

between these different climates. Consequently the response of stand structures to 



natural disturbance or logging may Vary quantitatively and qualitatively between the two 

regions. 

6.3 Impl icat ions for  forest  management and cer t i f icat ion 

With respect to the future management of Vencedores' forests and their potential 

certification, a number of questions need to be asked: 

1. Are current levels of natural regeneration sufficient to restore lost timber 

volume and sustain stand structures? 

2. Do residual stand structures in regeneration-cut stands continue to conform to 

the imperative of FSC principle 6 that "ecological functions and the integrity 

of the forest" be maintained (Forest Stewardship Council 1999, Table 1.2)'? 

3. Will current forest management strategies allow the "natural cycles that affect 

the productivity of the forest ecosystem" (FSC criterion 6.3) to continue 

(Forest Stewardship Council 1999, Table 1.2)? 

Pine regeneration on a rnajority of sites meets or exceeds the 2500 seedlings per 

hectare threshold for adequate seedling numbers set by most Mexican forest managers 

(Chapter 2; Park, unpubiished report to the UCODEFO No.4; Estrada, 1999). 

Continuous prolific regeneration appears to be widespread throughout the Sierra Madre 

Occidental (Snook and Negreros 1987; Valencia 1992; Estrada et al. 1999). In the 

studies in this thesis, valley bottom sites with fine-textured soils had the fewest pine 

seedlings and the greatest numben of low stature oak sprouts. 



Foresters should have two potential concems in fertile valley bottom sites. These 

sites are potentially the most productive sites for tree growth, contained scant 

regeneration of commercially important pines, but supported abundant oak sprouts. Lack 

of regeneration of currently important timber species is a legitimate concem for foresters. 

However, if site character and prevailing disturbances regime make these sites more 

productive for oaks, foresters and the ejido rnay wish to consider more productive ways 

of using these currently under-utilized species. 

Not addressed in any study of pine-oak forest regeneration is the issue of how much 

regeneration might be too much. If histonc stand structures are to be maintained, 

managers have an obvious interest in preventing substantial increases in stand density and 

the growth stagnation that could result. Yet it is widely assumed that more regeneration 

is always better. In this context, future fire frequency and competition thresholds will 

determine how much regeneration is recruited into the tree layer. The available data 

(Biondi 1996) and mode1 results (Chapter 5) imply that density-dependant mortality 

arnongst Madrean pines will be low, leaving fire as the (probable) key determinant of 

stand stmcture. Furthemore, growth increments could be disproportionately reduced in 

larger trees by density-dependant competition with their conspecifics (Biondi et al. 1992; 

Biondi 1996). Control of regeneration density may therefore be a key issue for future 

forest management. 

Fire management is potentially the most complex management issue faced by 

foresters from the UCODEFO No.4. While it is not the only factor determining the 

abundance and species composition of natural regeneration, ecological data in this thesis, 

Fulé and Covington's studies, conversations with foresten and persona1 observations 



confirm fire's role as the keystone natural disturbance driving ecologicai processes in 

Madrean pine-oak forests. UCODEFO No. 4's personnel are aware of fire's role as an 

agent of renewal and destruction in their forests. They advocate using prescribed fire to 

prepare seedbeds and eliminate excessive fuel loadings, but thereafter would like to 

curtail fire to prevent seedling destruction (Jaime Vargas, persona1 communication). The 

UCODEFO No. 4 therefore concentrates its fire management resources on control and 

suppression, but has no integrated fire management system. This philosophy reiterates 

the philosophy of fire-suppression that allowed oventocked, unproductive and fire-prone 

ponderosa pine forests to develop in the US southwest over the last century. Stand 

density also increased during long periods of fire suppression in northem Durango and 

Chihuahua (Covington and Moore 1994; Fulé and Covington 1994; 1996). The historical 

bioassay models reported in Chapter 5 predict similar consequences under longer fire- 

free intervals for two stand types in Vencedores' forests. 

At Ojito de Camellones, rire-suppressed stands had two to ten times more oak 

seedlings than a comparable stand with an unintempted fire history (Fulé and Covington 

1996). This observation was also repeated in Vencedores. Therefore, the available data 

suggest that suppressing natural fires without a cornpensatory program of prescribed 

buming could cause vegetative reproduction of oak to be favoured at the expense of 

pines, particularly in valley bottom sites. Since pine are the prefened commercial species 

(oak being used mainly as firewood), such a developrnent could seriously reduce future 

timber revenues. 

Topography modifies fire regimes (Chapter 2; Agee 1993) and levels of other 

environmental factors that favour some tree species over othea. The proportions of pines 



and oaks may therefore differ in their sensitivity to disturbance in different site types. 

For example, in Arizona canyons Barton (1999) found that the relative proportions of 

pines and oaks readjusted to pre-fire equilibna that were unique in each canyon. Spatial 

analyses (Chapter 4) provided evidence that pattems of neighbourhood development in 

oaks and pines may differ under different fire regimes. In Frequent fire stands, strongly 

clumped neighbourhoods of pole-sized pines may have developed under the influence of 

surface fire pattems and enhanced pine seedling mortality beneath large pii:e trees. In 

contrast to the clumping of pines, the dispersed patterns of Q. sidero.Ma in W 1  and 

large Q. crassifolia in RF2 were consistent with frequent fire preventing the formation of 

large monospecific oak neighbourhoods, such as those of the small Q. s idera~l la  in DF2. 

Wherc fire had been absent for several decades (DFl and DF2), pattems fonned by small 

and large pines were consistent with random seed set (DFI) or localized reproduction 

around parent trees (DF2), rather than the epidemic germination that often follows fire. 

Could species-specific reproductive traits lead to unique neighbourhood formation 

pattems, and therefore site and disturbance-specific equilibria amongst pines and oaks? 

Overall, while regeneration appears to be adequate for forest renewal on most sites, 

future stand structures and the maintenance of forest productivity are likely to depend on 

future forest management strategies. Control of stand density, in particular, will be vital 

to maintaining productive forests, and this is likely to depend on fire management. 

Resources available for fire control and prescribed burning are severely limited 

(Gonzalez-Caban and Sandberg 1989; Fulé and Covington 1999). Foresters also have to 

wait for ideal weather conditions before using prescribed fire, and then only treat a small 



proportion of logged areas (UCODEFO No.4, unpublished data; Jaime Vargas, persona1 

communication). 

A more subtle consideration is that of maintaining histoncal age, diameter and 

vertical structure distributions in Vencedores' forests. The largest supercanopy trees 

have been progressively logged out, resulting in residual diameter distributions that are 

biased more and more to the smaller classes (Chapter 5). From the certification 

perspective, this development hinges on two factors: (i) the interpretation of the word 

"integrity" in FSC principle 6, and (ii) foresten' interpretation of the goals of the MDS 

under Mexican forest law. The law is commonly interpreted as prescribing the 

"normalization" of uneven-aged to even-aged forests (Jeffrey R. Bacon, unpublished 

report). However Mexican forestry law (Secretaria de Medio Ambiente 1997) contains 

no references to desired forest structures, only refemng foresters to the "Mexican Noms 

for Sustainable Forest Management". 

Since conversion to even-aged stand structures would necessanly entai1 a loss of 

structural diversity at the stand level, the current interpretation of the goals of the MDS 

appears to conflict directly with the FSC goal of maintaining the "ecological functions 

and integrity" of the forest. However, residual stand structures in regeneration-cut stands 

continue to be uneven-aged, and fire suppression efforts have not eliminated frequent fire 

as a controlling ecological process. Potential certifiers would then need to ask (i) 

whether there would be a continued intent to modib forest structures to favour even-aged 

management, and (ii) whether a continuation of current management would have that 

result. 



In assessing compliance with FSC principle 9, the quality of harvested trees must be 

considered. A proportion of each regeneration-cut consists of large pine snags ( "pino 

seco"), a class of tree widely acknowledged to provide habitat for a number of wildlife 

species, including cavity nesting birds. Anecdotal evidence suggests that woodpecken 

abandon regeneration-cut sites, and although logging is described as not significantly 

affecting mule deer populations, deer tracks were only observed at the most isolated, 

unharvested sites. These observations, if confirmed, would be problematic for FSC 

certification. 

6.3.1 Future  forest management options 

Recommendations io be considered for incorporation into future management faIl into 

two categories: ( I )  actions needed to insure future sustainable timber yields, (2) actions 

required to ensure compliance to FSC certification principles and criteria. 

(2 )  Actions to ensure future yields 

To control stand density and ensure natural regeneration of preferred species, 

foresters could either expand their prescnbed fire program in concert with maintaining 

improved fire records, or consider the experimental use of site preparation to expose 

mineral soil microsites. Given current resources, site preparation may be the preferred 

option. 

Minera1 soil scarification is cornrnonly used to prepare seed beds, but should be used 

with caution in pine-oak stands, since mechanical darnage to oak roots or boles might 

stimulate root sprouting and suckering. Resources for intermediate silvicultural 

treatments are very limited, but those available could be concentrated on the fine soil 



textures and lower slope positions that appear to have the most trouble meeting 

regeneration requirements. On other sites, foresters should consider letting light surface 

fires burn themselves out, since they effectively provide fiee site preparation at little risk. 

In RFl, [ive pines oumumbered those killed by fire by six to one. In contrast, a high 

intensity fire following 29 years of fire exclusion killed 40% of al1 trees at a site near 

Ojito de Camellones (Fulé and Covington 1997). 

Contemporary tree spatial patterns rnay reflect past disturbance, cornpetition and 

neighbourhood formation (Chapter 4). If this is the case, foresters wishing to mold Future 

stand structure and composition could design logging plans to modiS, the development of 

intraspecific and interspecific patterns. For example, dense and extensive oak 

neighbourhoods, such as that in DFZ, could be broken up by cutting groups of small oaks 

for firewood and scariming the soi1 to prepare germination sites for pine. In frequent fire 

stands, dense patches of pole-sized pines could be t h i ~ e d  to ampli@ growing space and 

minimize the chances of subsequent fires ascending to the tree crowns. 

(2) Actions to comply with certification requirements 

By controlling stand density, most of the actions recornmended under ( I )  above 

would comply with FSC principles and criteria, and the Mexican standards of 

Srnartwood. However, fiom a timber management perspective, there are six areas in 

which Vencedores may be failing to comply with principals 6 and 9: 

1. Selectively cutting the largest trees amounts to a form of high grading under both 

the MMOM and MDS silvicultural systems, and bas resulted in a diminution of 

minimum acceptable harvest diameters over a period of several decades (hg.  



Jesus Soto Rodriguez, persona1 communication). High grading is also likely to 

affect regeneration potential and within-species genetic diversity across the 

landscape in ways that are currently unknown. This practice may threaten long- 

term forest productivity. 

2. Although most forest stands are uneven aged, vertically heterogeneous, multi- 

species communities, the understood goal of applying the MDS is to produce a 

mosaic of even-aged stands (5 - 60 ha in size around Vencedores) across the 

landscape. Such a profound change to the forest's structure could contravene 

principal 9, and perhaps change disturbance regimes and regeneration dynamics 

also. 

3. Cutting excessive numben of snags and decrepit trees rnay contribute to a 

laudable silvicultural goal of irnproving forest health and reserving live trees for 

future harvests. However, excessive sanitation cutting could deprive marnmal and 

bird species, some of which may have keystone functions, of essential habitat. 

The effects of these practices have not been monitored, nor are they a subject for 

current research programs. 

4. The goal of fire suppression requires re-evaluation. To do so, foresters would 

have to transcend the generally anti-fire sentiments that are widespread in 

Mexico. Although anti-fire sentiments are understandable foliowing the 

unusually destructive 1998 fire season (Femhdez and Garcia-Gil 1998), the 

weight of evidence supports a strong role for surface tires in maintaining 



productive forests. Some foresters acknowledge this (Nick Moss-Gillespie, 

personal communication). 

5. Monitoring and inventory need improving. Regeneration is not rnonitored in any 

stands, either before or immediately after harvesting. Furthemore, frequent 

inventories are only done in stands that have yet to be cut; thus forest renewal and 

post-harvest growth of logged stands is not rnonitored. Lack of skilled labour and 

the resources currently limits the ability of the UCODEFO No.4 to deliver 

improved resource inventories. 

6. Apart from small areas around temporary streams and other sensitive features, 

there are no areas that are reserved from harvesting. The shortage of unharvested 

sites severely limited my ability to compare density and spatial distribution of 

regeneration in logged and unlogged sites. The only undisturbed models of how 

the pre-exploitation forest exist in steep banancas, and therefore cannot be 

matched ecologically with the majority of the exploited sites. 

High grading of the largest trees should cease, and tree markers should be advised to 

mark in such a way that trees are cut from the entire range of commercially operable 

diameten. This is a fairly simple recommendation but might require explaining to tree 

markers and the ejidatarios, who have a fiscal incentive to harvest more and better 

quality timber. Sufficient snags should be retained on al1 sites to conserve residual 

wildlife habitat. Inventories should be improved; in particular, post-harvest regeneration, 

free to grow surveys and monitoring of the effects of fire should be instituted. Again, the 



ejidatarios who are the ultimate forest owners might need persuading to devote more 

resources to what, at first, may appear to be unproductive activities. 

6.4 Future research 

Results presented in this thesis have allowed potentially h i t fu l  management 

initiatives to be suggested. These results were derived from the assessrnent of 

contemporary stand conditions and the retroactive study of natural and anthropogenic 

disturbance. Although retroactive studies can yield useful information over relatively 

short time scales, they cannot yield the variety or quality of information afforded by 

continuous monitoring (Lindenmayer 1999) or active experimentation (Jay Malcolm, 

persona1 communication). To determine more precisely the effects of fire on the 

regeneration dynamics of different site types, and to refine forest management systems, 

Vencedores' forest dynamics should be observed in longer term studies using time series 

measurements, permanent plots, mensurational and controlled experiments. 

Priority areas for future research and monitoring should include: 

long-term research to determine relationships between £ire and germination, 

growth, mortality and relative dominance of pine and oak species, 

establishment of an ecological classification system that links species 

occurrence, disturbance fiequency and severity, and potential stand stnictures 

to topography, edaphic factors and local climate, 

determining the balance between vegetative reproduction and germination 

from seed in oaks when adult trees experience a variety of natural and 



anthropogenic disturbances (fire, mechanical damage, mistletoe infestation, 

drought), and 

experimental trials and assessrnent of intermediate silvicultural treatments, 

including mechanical scarification, thiming and prescnbed burning. Because 

ecological knowledge of the Sierra continues to be limited, an adaptive 

management approach should be used. 

Of particular importance to the future of Vencedores' forests is the elucidation of the 

relative importance of fire versus site factors in securing regeneration. To exercise 

control over species establishment and composition, researchers and foresters will have to 

quant@ the influence of fire, changing fire regimes, different site types and non-fire 

related environmental factors on species composition and abundance. Research must also 

establish whether there is some optimum fire frequency that maximizes the germination 

and recruitment of pines, which are currently the preferred commercial species. 

Since fire frequency and topography are confounded, a hiture ecological 

classification will include fire regime and its associations with soi1 and topography in 

system that allows forest composition to be predicted and economic, environmentally 

sound silvicultural options to be exercised. A particular concem of site classification 

should be the inclusion of site factors that determine the equilibrium between oak and 

pine establishment. For example, if low-lying stands reliably support greater proportions 

of oaks, maintaining the stand as an oak-pine site may optimize the volume growth 

potential of stand resources. In this case, the foresters' task may be to find the optimum 

use and market for the species mix that grows in each stand. 



New silviculniral treatrnents, especial ly for oaks, s hould be used experimentall y until 

proven to achieve silvicultural goals. The relative importance of vegetative reproduction 

versus seed germination in oak species should be assessed during silvicultural trials, as 

should pine seedling germination. Mechanical damage by chains used in brush clearance 

leads to prolific root-sprouting in Quercus gambelii (Borman and Rittenhouse 1980b), 

which suggests that mechanical site preparation should be used with caution on oak- 

dominated sites. 

Finally, the role of cattle in forest dynamics should be determined. Since cattle gaze  

throughout the forest, permanent exclosures should be placed in a variety of sites and 

monitored over the long term to determine the relationships between cattle activity and 

regeneration. 

The success of long-term research and monitoring will depend on researchen' 

willingness to embrace long-term ecological research, continued monitonng by local 

technicians, and the availability of resources to pay them. Fiscal, intellectual and 

material resource availability limit forestry operations in most of the world. These 

limitations may prove particularly important in the Sierra Madre Occidental, where high 

conservation value forests with intact natural disturbance regimes lie on the cusp of 

permanent change due to human activity. Current monitonng is inadequate for predicting 

future forest productivity, which could be a serious impediment to future forest 

certification. Continued research and monitoring in Vencedores and other ejidos, perhaps 

financed cooperatively with research institutions, could demonstrate the value of long- 

term monitoring to forest owners. Such research could thereby act as an enabling 

mechanism for certification and contribute to improved forestry practices. 
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Appendices 

Appendix 2.1 Distance polynomials in  Par t ia l  
ord inat ion 

The following description of the use of the spatial polynomial is adapted from 

Legendre and Legendre ( 1998). 

The spatial structure in a multivariate data set can be conveniently represented by a 

set of X and Y coordinates. The spatial structure of multivariate data rnay be of interest 

because it has biological significance. or simply as a (possibly) non-causal factor whose 

iniluence is to be deducted from other enplanatory variables. To represent higher ordrr 

spatial dependencies. the two dimensional coordinates are rxpanded to a polynomial of 

linear and non-linear terms: 

x + y + x y + x 2  + y 2  + x 2 ~ + y 2 x + x 3  + y 3  Equation.Q.l.1 

The terms of the polynomial are then used in an ordination as explanatory variables 

for the species data set. The ordination is done in CANOCO using the fonvard srlection 

option which uses a step-wise procedure to sequentially select the variables that most 

significantly explain variation in the species data. This generally reduces the 9 terms of 

the polynomial to 3 - 5 tems that are significant. These are then re-incorponted into 

hrther analysis as covariables of the environmental matrix. 



Append ix  2 .2  Covar iances  of t w o  and three  matr ices  u s i n g  
p a r t i a l  o rd ina t ion  

The method for developing a partial canonical ordination of two matrix was 

developed by Borcard et al ( 1992), while the extension of this technique to include three 

matrices is due to Qinghong and Brikenhielm ( 1995). 

Exarnpk of two explatrator). niatrices. 

Let Y contain the responsr variables (usually species distribution data): X is the 

environmental rnatrix and W the reduced polynomial spatial rnatrix. The analyses that 

follow produce four components. as shown below: 

Variation in Yexplained by X Unrxplained 

Variation in Yexplained by W variation in Y 

Component [a] is the unique component of variation due to the environment. [b] 

represents the spatially structured variation in Y accounted for by the environment. [cl is 

the spatially structured variation in Y independent of the environment and [dl is 

unrxplained variation in Y. To obtain these quantities. three canonical analyses are 

necessary: 

1. A simple ordination of Y constrained by .Y to extract [a - b]. 

2. A simple ordination of Y constrained by W extracts [c + b]. 



3. A partial ordination in which either X or W can be used as the 

"environmental" matrix. The other matrix acts as a set of covariables. This 

ordination extracts [cl or [a] donc. 

Usually both of the possible partial ordinations are performed to check for rounding 

errors in the subsequent calculations. Finally by simple algebra: 

[b] = [a + b] - [a]. 

[a] = [a + b] - [b]. 

[CI = [C + b] - [b] 

[dl = 100 - { [a] + [b] + [cl i, 



Ekantp le of th ree erplnit atory matrices 

Adding a third rnatrix of explanatory variables (Z. say) makes for a more cornplex 

analysis. Seven components of known variation can be isolated: unique contributions of 

X, W and Z. three pair-wise covariances and a three-way covariance shared by al1 three 

matrices. The necessary ordinations are: 

Environmental Variables Covariables 

We now know the unique contribution of each matrix together with its joint etrect 

with two covariables. The joint effect represents the combined two and three way 

covariance between particular combinations of single and paired variable matrices. The 



problem is that when, Say, X and W are combined as covariables. their covariance with 

the Z contains three components: (1) a unique shared variance between X and W. (2) 

covariances of X and W with 2, and (3) the three-way covariance between al1 three 

matrices. Thus: 

where ZW and ZXW etc. represent covariances between matrices. The joint rffect 

between Z and X + W (J,) is outlinrd in bold in the diagram beiow: 

(pure W) v 
To rxtract the unknown XW. For example. an inequality must be establishcd using the 

knoum values of pW and pX and the known value of the joint èffrct with the third 

component: in this case J,: 

[ i l  ( p W + p X + W X ) = ( [ X + W ] - J , )  

= (pW + p x  +WX) = ([X 4- W] - [ZW + ZX + ZXW]) = ([X - W] cov. Z) 



Rearranging [ I l ,  we get 

[2] ([X + W] cov. 2) - (pW + PX) = XW 

The three covariances XWZ can then be calculated in three different ways using two 

of the three two way covariances, say XW and ZW and the joint effect with the third 

matrix. in this case J, ( W  ++ ,Y 7 2). Thus: 



A ~ ~ e n d i x  2.3 Normal ized Mantef Sta t is t ic  

Table A3.3.1 Summary of Normalized Mante1 Statistics (r) for simple Mantel tests 
between geographic space and the three most dominant seedlins species. 
This statistic is related to the Pearson's correlation coefficient, and 
extracts the linear component of the relationship between the two half 
matrices being tested (Legendre and Fortin. 1989). .i\ single asterisk 
denotes signi ficance at a Sidak-adjusted alpha of 0.0043. 

Species and height Class Mantel's r Probability 

Pimrs dirrangensis - HC 1 

Pimis ciwmgensis - HC2 

Pimis drirmigerisis - HC3 

Pims diiratigensis - H C I  

Pirrtrs teocote - HC 1 

Piriris teocote - HC2 

Pinirs teocote - HC3 

Pittrls teocotc! - HC4 

Qrie~rics sidero.g*lla - HC 1 

Qiierctis sideroxylla - HC2 

Qiierciis sidero-yvila - HC3 

Qliercics sidero-ydla - HC 4 



Table A3.3.2 Surnrnary of path coefficients for partial Mante1 tests between (a) Pimrs 
dwangensis HCI. P. reocote HC4 and Space, Enviro and PropFS, and (b) 
individual environmental variables with the third variable held constant. 
Path coefficients are standardized partial regression coefficients, 
calculated tiom Pearson's correlation coefficients, that indicate the 
strength of the path between each predictor and the responsr variable 
(Sokai and Rohlf, 1995, Ch. 16). None of the paths were signiticant in 
partial Mantel tests at the Bonferroni adjusted alpha of O.OSil5 = 0.00333. 

Predictor variables (partial Mintel covarinbles in 
(*A) paren theses). 

- 

by space. by Enviro by Fire. 
Response variables (Enviro or Fire) (Fire or Space) (Sprce or Enviro) 

P. reocote HC-I 0.i601 0.0239 

(BI 
Space X 

Enviro -0.0092 .Y 

Fire 0.0092 0.1 196 



Appendix  2.2 - Canonica l  d iscr iminant  a n a l y s i s  

Table A2.2.1. Multivariate and univariate statistics for CDA of average height class 
abundances of three leading species in 25 stands. Pillai's trace tests the 
hypothesis that mean abundances are equal between years. univariate 
ANOVA tests for equality of height class means between years. 
Mahalonobis distances are 'n' dimensional distances between centroids 
for each year. Species codes: Pidul - 4: Pirilis drrrangemis HCs 1 - 1: 
Pite1 - 4: Pinzrs reocote HCs I 1: Qusi 1 - 4: Qliercus sidero.yla HCs 1 
- 4. Significance values are represented by asterisks ( *  - p 5 0.05: ** - p 
< 0.01; *** - p < 0.001). 

Statistic Species / Yr Value of Statistic 

hlultivariate on Pidu 
pooled ifan Pite 

(Pillai's Trace) Qusi 

Univariate ANOVX 
(height classes ris in 

Figure 3.2) 

Pidu 1 R' = 0.3303 4.789 * 
Pidu2 0.05 1 1 0.593 ns 
Pidu3 0.122 1 1 . 3 1  ns 
Pidu4 O. 1338 1.699 ns 

Pitt. i R' = 0.2299 3.283 ns 
Pite2 0.0494 0.572 n s  
Pite3 0.0 1 S5 0.ZOY ns 
Pite4 0.3 172 5.109 * 

Qusi 1 R' = 0.0 153 0.8153 ns 
QusiZ 0.0565 0.8271 ns 
Qusi3 O. 1094 0.2776 ns 
Qusi-i O. 1750 0. I 1 3 3  ns 

- Squared Distance to Year - 



A p p e n d i x  4.1 - Expanded  deta i ls  o f  R ip ley 's  K [ t ,  ana lys is  

Ripley's K(t) analysis is used to descnbe two-dimensional patterns amongst one or 

two sets of objects, which for the purpose of the analysis. are consiacred as points in 

space. The patlem description involves testing whether a ziven point pattern departs 

from randomness toward clustering or regularity. The pattern is drscribed with reference 

to a sampling area that is either rectangular or circular. and within which al1 the objects OF 

interest have been mapped. 

The cumulative distribution function of the distance from al1 points on a plot to al1 other 

points is cornputed as 

where 

Equation AJ. 1.1 

for 11 points on a plot of a r a  A. The rxpressionil/,t Cr) is interpreted as the expected 

number of points within a circle f radius t centred on an arbitrary point. 

The distribution is computed for values of t from O to a maximum of 1/2 the 

length of the shonest plot boundary. For target points closer to the plot boundary than 

a given value of r ,  a proportion of the circle will lie outside of the plot. For this 

reason. an edge correction m u t  be calculated. Moeur's ( 1993. 1997) program corrects 

for edge effects by replacing CS,(?) with a weight w&). This weight is the inverse of the 



proportion of the area of the circle of radius t thar lies within the sample plot. it is 

given by: 

Equation A4.1.2 

where e, is the distance from the centre of a circle centred on i to the nearest plot 

boundary and ici, is the distance between i and j . Thus. wq(t) = 1 for circles wholly 

contained in the sample plot, and ivu(t) > 1 for situations requiring correction for edge 

effects (see Diggle 1983. p. 72). n i e  edge-corrected ~ ( t )  is 

n n 
"t) = A C C w ii ft) 

2 , i = j. Equation A4.1.3 
i =f j =f n 

for al1 pairs of points with du < d. The more computationally cornplex case where die 

distance il;, is shorter dian the distance from i to two plot edges is considered in Haase 



Append ix  4.2 Ca lcu la t ion  of  Pe te rson 's  (1976 )  
segrega t ion  index  

Peterson's index of segregation (Peterson 19761, or SG. is an index of local species 

diversity calculated on either a fixed nurnber of the neighbours of a focal plant, or al1 of 

the neighbouring plants in a plot of fixed dimensions. 

For each species ( i ) .  the rneasure of segregation can be described as the average 

observed probability of finding it in the neighbourhood of itself divided by the 

probability of finding i in the community as a whole ( P i  ) . Thus: 

Equation A4.2. I 

The ( P i  )is usually taken as the relative proportion of i in the actual sample. The 

SG for the whole community is simply the sum of al1 the individual species indices: 

Equation A4.2.2 

A potential bias arises in small collections because the act of locating an individual of 

species i reduces the numbers of potential neighbours, thus producing a downward bias in 

the index. Therefore the expected probability of finding other individuais of species i 

around a focal individual of species i is: 



where Li is the total number of individuals of species I in the sample and iCf is the totai 

size o i  the sample. 

Unless species are intermingled at random. SG is sample size and (in the case of SG 

for plots) scale dependant. Also. very high values of SG may be produced in the case of 

highiy localized rare species. Thus values of SG should be interpreted cautiously and 

with reference to the raw data from the actual plant community. 




