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SHORT TITLE: A Multivariate Analysis of Tree Species Influence on Soil Fertility




ABSTRACT

The obir .t . of this study was to assess tiee species nfluence on forest loor
fertility in a mixe« «  e¢st stand nsing Redundancy Analysis (RDA)Y Eiphty mictosites
were located & Lo o aiemlock-ied mapde forest. Forest floor was analyzed for thirteen
variables; tov * ' v Caand My extractable Ci, Mg and K, nunerahizable N (NFHL+),
basal microb’ al respirat - TO,), pil, thickness and bul'. density. The miluenee of seven
tree specics was valeuln ¢ as a tunction of tree diameter and distance from cach
microsite. Spaum patwt s v ove detected by using couclograms and ncorporated in a
variation-partitioning m . .. vrend surlaee analysis Tree species, nucrotopogtaphy,
and spatial structs . ;.- =~ of the total vanation i torest floor data. ‘The lraction
explained by tr ¢ = s e e 1) was studied with a RDA ordination hiplot. "The
main sourcc G Vil v i +aata was related mainly to the opposite effects of
Amecrican beech ane ot sk on calcium while nost of the other species had a
beneficial effect on soil fer: *; Chis study showed the potential of RDA as a tool for

studying the role of tree specics in mixed forests.




RESUME

L’objectif de cette ¢ude est d’évaluer 'influence des espices d’arbres sur la
fertilité des sols de peuplements mixtes en utilisant PPanalyse de redondance. Quatre-vingt
microsites ont 61¢ localisés dans une forét de hétre-pruche-érable rouge. Treize variables
de la couverture morte ont é¢ mesurées; N, P, K, Ca, et Mg total, K, Ca et Mg
extractible, pH, respiration microbienne basale (CO,), N minéralisable (NH,), I'épaisscur
ct la densité apparente. L’ influence des essences a été calculée en fonction du diamétre
de Parbre et de sa distance du microsite. Des patrons spatiaux ont été détectés a 'aide
de corélogrammes et intégrés dans un modcle de partition de la variation avec une
analyse de tendance de surface. La variation totale de la couverture morte expliquée par
les différentes essences, la microtopographie et la structure spatiale fut de 53 %. La
fraction expliquéc par les cssences sculement (16 %) a ¢té étudice A 'aide de I'ordination
d’unc analysc de redondance. La source principale dc variation dans le sol est associée
a un cffet contraire du hétre et de la pruche sur le calcium pendant que la plupart des
autres essences semblent avoir un cffet bénéfique sur la fertilité du sol. Cette étude a
démontré lc potenticl de 'analyse de redondance pour étudier le role des différentes

essences dans les foréts mixtes.

iii




ACKNOWLEDGEMENT

I would like to express my sincere gratitude to my supervisor, Professor James W.
Fyles, for his support, guidance, paticnce and woids of encouragement. T also wish (o
thank Dr. Picrre Dutilleul for his major contribution to the statstical approach used  this
study. I thank Ken Gee, Héléne Lalande and Khosro Mousavi, for their assistance n the
laboratory. 1 thank Robert Bradley, Matc Foisy and Jeanne-Marie Alexandic for thein help
in the ficld. This research project was supporied linancially by NSERC and FCAR.

Je tiens également & remercier Manijeh Ali pour son appui lots de la rédaction.

iv




TABLE OF CONTENTS

ABSTRACT . . e ii
RESUME .. e iii
ACKNOWLEDGEMENT . ... ... . . it v
TABLE OF CONTENTS ... ... i e i e e v
LIST OF FIGURES . . . ... i e et e vii
LIST OF TABLES . . . . .. i e e ix
INTRODUCTION ... e 1
CHAPTER ONE

ENVIRONMENTAL CONTROL AND SPATIAL STRUCTURE IN FOREST

FLOOR DATA. ... e e e 6
INTRODUCTION . ... e e e e e 7
MATERIALS AND METHODS .. ........ .. ... ... . ..., 11

Site deScriplion. .. ... e e 11
Fieldsampling. .. ..... . ... ... . . i, 12
Forest flooranalyses. .. ....... ... ... ..., 12
Analyses on sieved forestfloor. .................... 12
Mineralizable N and basal microbial respiration. . ........ 13
Analvses on ground forest floor. .................... 13
Regression of forest floor variables on ash content. .. . ..., 13
Environmental variables. . ............ ... ... ........ 14
Tree species influence index. . ..... ... ... .. ...... 14
Microtopography. . ....... ... ... . ... .. ... 15
Statistical procedures. .......... ... ... . ... .. ..., 16
RESULTS AND DISCUSSION .. ..ottt e i i e e e 16




Spatial structure in origmal data set.

Single variables. .. ... ... . L L.

Multivariate data.

...........................

Data transformation.

................................

Maximizing lincarity.

.........................

Standardization.

Canonical trend surface analysis.

Autocorrclatton of residuals. . ... ... ... .

Partitioning the variation. . ........ ... ......
CONCLUSION.

........................................

CHAPTER TWO

THE ROLE OF TREE SPECIES IN CONTROLLING FOREST FLOOR

.................................................
........................................
.............................

RESULTS AND DISCUSSION

The relative contribution of trees in the wvariation explained in
forest floordata. .. ..... ... .. ... 0 Lo

The relative importance of the tree species effect on single forest
floor variables. . ... ... .. 0 Lo Lo

Ecological relationships betwceen forest {loor variables and uee
speeics influcnce.

CONCLUSION

..............................

..........................................

CONCLUSION
REFERENCES

..............................................

...............................................

vi

Sl




LIST OF FIGURES
CHAPTER ONE

Figure [. Moran’s correlograms for the horizontl spatial structuic of four
environmental vanables; red oak (1a), American beech (1b), eastern
T )

Figuic 2. Moran’s corrclogiams for the spatial structuse n the vertical component

hemlock (1¢), and striped maple (1d).

ol two cnvironmental variables; American beech (2a), striped maple

Figure 3. Moran’s corrclograms for the horizontal spatal structure of four forest

floor variables; extractable K (3a), total N (3b), exiractable Mg (3¢). and

ol Ca (Bd). ..o e e e e e 36
Figure 4. Moran’s correlograms for the spatial structure it the vertical component

of two forest floor varables; extractable K (4q), CO,(@b). . ... ....... 39
Figure 5. Mantel’s muluvaniate correlograms for the horizontal spatial structure

ofr the untansformed (5a) and standardized environmental data (5b). ... . 41
Figure 6. Mantel’s muluvanate cottelogram of the horizontal spatial structure for;

the untransformed (6a) and standardized forest floor data (6b). .. ....... 43
Figure 7 Moran’s correlograms for the horizontad spatial stiucture of residuals of

multiple regression of four forest floor varables on the terms of the

polynomial cquation; a) extiactable K, b) total N, ¢) extractable Mg, and

&) total Ca. No autocorrelation coefficients were significant  at the

Bonferont level of 0.003. .. .. e e 4
Figure 8. Moran’s correlogram for the vertical spatial structure of residuals of

multiple 1cgression of two forest floor varables on the terms of the

polynomial cquation; a) extractable K and b) CO,. No autocorrelation

cocetfticients were signiticant at the Bonferoni level of 0.003. .. . ..., .. 48
Figute 9. Vanation partitoning of the forest floor data in four [ractions;

cnvironment (&), contfounded effect of envitonment and spatial structure

(b), spaual structure (¢) and unexplained (d). .. ................... 3

vii




' CHAPTER TWO

Figure 1. Fractions of the vartation in forest loor data explamed by wee specues,
microtopogtaphy, spatial stiuctarc and their confounded efteets .. .. 75
Figure 2, Biplot bascd on partial redundancy analysis ol forest floor vaables with
respect  to tree  species cllect  after removing spatial - stiucture and
microtopography as covariables. The first two aves repiesent espectively
48 % and 25 % of the vartation in forest floor explamed by tiee species
The RDA was signilicant at the 0.01 level (Monte Carlo permutation

11671 e

viii




LIST OF TABLES

CHAPTER ONE

Table . Transformation of the forest floor variables that maximizes the
cocfficient of determination (R?) of their multiple regression on

cnvironmental variables. ... .. e e e e e e e e 30

CHAPTER TWO

Table 1. Variation explained in forest floor data with RDA’s and partial RDA’s
using different combinations of explanatory variable matrices: trec species,
microtopography, and spatial structure captured by the polynomial
cquation. All RDA’s are significant at the 0.05 level using the Monte
Carlo permutation (el . . ...ttt e e e e e 70
Table 2. Variation of the forest {loor variables explained by the different fractions
and the relative contribution (%) of each fraction to the total variation
explained (in ftalics). . . .. ... . . .. e e 71
Table 3. Mcan and standard deviation of untransformed forest floor variables
before the regressiton on ashcecontent. . .......................... 72

Table 4. Fraction of the variation of forest floor variables explained by tree

speeics and extracted by the first four axes. ... ... L ..., 73
Table 5. Intraset correlations between the tree species variables and the first four
CaNONICAl AXCS. .« . ot e e e 74

ix



INTRODUCTION




The fertility of forest <nil is controlled by many interacting factors including
parcnt material, topography and drainage, climate, disturbance and biological activities.
At the stand level, trees have been recognized to plav a major role in influencing
propertics of surface soils. The nature of this influence is primarily determined by the
quantity and the quality of nutrient and organic material inputs in the ecosystem through
aboveground litter  decomposition, fine root turnover and cxudates, and by the
intcreeption, alteration and redistribution of precipitation water. This influence of trees on
soil fertility varics among specics.

Many studies have obscrved the relationship between the quality of foliage litter
and its decomposition rate and nutrient release (Aber and Melillo 1982; Melillo et al.
1982; McClaugherty et al. 1985). The differcnces between the litter of different tree
species in terms of nutricnt content, lignin and polyphenols concentration (Melillo et al.
1982; Berg et al. 1984) and their acid-base status (Coté and Fyles 1993) can affect the
decomposition and thus, the characteristics of the forest floor (Melillo et al. 1989;
Bocrner 1984a; Tappeiner and Alm 1975). The input of carbon and nutrients through
exudates and the wrnover of fine roots is considerable. Carlyle (1986) indicates that the
belowground organic input can be 2-5 times that of aboveground litterfall. Bowden et al.
(1993) observed that 30 % of the respiration in forest soil can be associated with the
decomposition taking place belowground. Berendse et al. (1989) suggest that root carbon
cxudates may affect nutrient mineralization rates in forest floor and that exudation may
differ between species. The cffect of stemflow and throughfall (Parker 1983) may affect
soil characteristics at the base of the trunk and under the canopy of trees. Gersper and
Holowaychuk (1971) have observed differences in the quality and quantity of the
stemflow among tree species.

In addition, tree uptake of nutrients can alter the fertility status of forest floor.
Some studics have demonstrated differences between tree species in terms of their nutrient
cycling mechanisms (Boerner 1984b). Tree species also affect a series of other ecological

parameters such as understorey density and species composition (Crozier and Boemner




1984; Beatty 1984), mycorrhizal communities (Nantel and Neumann 1992), and soil water
content (Mergen and Malcolm 1955) all of which can alter soil nutricnt status.

Information about the role of diffcrent tree species on forest soil fertility s
necessary for appropriate management of forests. Many silvicultural practices nvolve
modification of the specics composition of stands, by sclectively planting or harvesting
certain tree species. Although these practices may also have an cffect on other eeological
parameters (eg. competition for resources such as light or water), the potenual o affect
the nutrient cycling and the productivity of the stand is considerable. In plantation the
presence of species that can ameliorate soil fertility may improve the productivity. The
positive effect of larch on the productivity of Sitka spruce stanas (Malcolm 1987), gambel
oak in Ponderosa pine stands (Klemmedson 1987; Lefevre and Klemmedson 1980) and
big-leaf maple in Douglas-fir stands (Fried et al. 1990) illustrate the fact that some tree
species may be considered beneficial for the fertility of a stand. These 1esults suggest that
a better understanding of the influence of different tree specics on soil propertics may
lead to a more efficient use of mixed-plantations (sce Cannel et al. 1992) that would not
only be more productive and economically profitable, but also more sustanable.

Practices involved in the management of natural and semi-natural woodlot that
selectively harvest certain species (shelterwood, thinning) or remove the understorey layer
(weeding) may use information about the role of specific tree specics on soil propertics
in order to evaluate the impact of these practices on the long-term ferulity and
sustainability of the forest stands.

In cold and temperatc forests, howcver, the ability to cvaluate a particular
management practice is made difficult by the time frame at which tree species can grow
and affect site conditions. In order to get information about the cffect of tree species on
soil fertility it is necessary to study natural and mature forest stands 1n which trees have
been able to influence soil characteristics for a long period of time. Many studics have
examined the effect of different trec species on soil characteristics cither at the single-tree
level (Zinke 1962; Boerner and Koslowsky 1989; Bocttcher and Kalisz 1990; Lodhi 1977}
or at the stand level (Fyles and Coté 1993; Fyles and McGill 1988; Klcmmedson 1987,
Carlyle and Malcolm 1986). In gencral, these studies were able to demonstrate significant
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differences between tree species. Most of the studies were done however, on stands of
relstively low diversity (pure stands or mixtures of two speacies) and there is very few
information about the specific role of different tree specics in mixed-stands.

The presence of many co-existing specics generates more interactions between the
different processes involved m coir munity structuring (sce Frelich et al. 1993), either
through the 1clationship between the different tree specics themselves or the cffect of
other conuolling factors such as parent material or drainage that can be spatially
structured of er the site. Spatial heterogeneity. where tree species are distributed neither
cvenly nor randomly, can make the tree species influcnce on soil properties difficult to
isolate from the confounded cffect of other controlling factors. In addit.on, part of the
spatial structure obscrved on the site can be caused by the presence of autocorrelation in
which observations cannot be considered independent from cach other (Legendre 1993).
This non-independence of observations violates the assumption of most parametric
statistical models.

In order to isolate tree species influence on forest soil fertility, a statistical model
nceds o incorporate the spatial component. Legendre and Fortin (1989) stressed the fact
that most ccologiczl data is spatially structured and that an analysis of that spatial
structurc should be the first step of the analysis. A model of variation-partitioning was
developed by Borcard et al. (1992) in which the spatial structure is incorporated as one
of the factors mfluencing the variation in ecological communities. Trend surface analysis
is used to integrate spatial structure by building a polynomial equation with the
geographical coordinates of the obscrvations. This model has not yet been tested on soil
data but has the potential to address the problem of spatial heterogeneity found in mixed-
stands.

The model of Borcard et al. (1992) is also adapted for multivariate data, in which
the statistical model aims at explaining the variation in the response data taken as a whole
instcad of the response variable taken individually. Since soil variables have been shown
to be intercorrelated and to vary more or less in concert (Norris 1970; Webster 1977), 1

have decided to examine the variation found in the soil data taken as a whole, in which



each variable is considered to be part of a more complex system that is commonly
referred as soil fertility, and responds to the same cnvironmental gradients.

The objective of this study is thus, to measure in a mixed-stand the tree species
influence on soil propertics taken as an cnsemble by using the method of Borcard et al.
(1992) in which spatial structure 1s mntegrated in a variation partittoming model. Because
this model has not been tested with soil data, a preliminary test ol the applicabtlity of the
method was neccssary before proceeding with the study of tree mifiuence on soil terulity.

In the first chapter, as proposed by Legendre and Fortin (1989), a prehminary
study of the spatial structurc present in the data set was done with the help of Mowan’s
I correlograms and multivariate correlograms in order to deteet and visuahize the shape
of the different spatial patterns. The ability of the trend surface analysis o captuie the
spatial structure in the data was tested before proceeding with the partitiomng ol the
forest floor variation into four fractions; a) variation related to environmental vanables
(tree species and microtopography), b) vanmation rclated to a shaed clfect of
environmental variables and spatial structure, ¢) variation iclated to spatial structure alone
and, d) unexplained variation. In the context of this experimental design, the shared effect
of environmental variables and spatial structure can also be described as a contounded
effect since it is impossible o separate the cffect of environmental varables from the
influence rclated to their spatial structure.

In the second chapter, the partitioning involves another step in which the
environmental variables are separated into their tree specics and mictotopographical
variables. A more compiete study of the relationship between the ditferent tice species

and the forest floor variables is conducted.




CHAPTER ONE

ENVIRONMENTAL CONTROL AND SPATIAL STRUCTURE IN FOREST
FLOOR DATA.



INTRODUCTION

Any study aimed at examining the factors controlling forest floor fertility must deal
with the inherent complexity and heterogeneity of forest ccosystems. Within a forest stand
or landscape, controlling factors such as parcnt matcrial, topography, brological acuvitics,
disturbance and climate vary at different scale over time and space (eg Wyant et al.
1991; Cox and Larson 1993). Such varation in the ccosystem generates spatial
heterogeneity in which phenomena are distributed ncither cvenly nor randomly. In
addition interactions among controlling factors and forest floor vanables generates
complexity in the system with the results that variables are typically inter-cortelated
(Norris 1970) and vary more or less in concert (Wehster 1977). The statistical methods
appropriate to the study of environmental controls on foiest {loor propertics must be
capable of addressing both the complexity and the heterogencity of the ccosystem.
Univariate statistical designs may hardly decal with intcicorrelated and heterogencous data
and therefore may fail to adequately extract clear information about how these mteracung
processes influence forest floor characteristics.

Multivariate analytical methods have been developed to address the problems ol
complex data where dependent variables arc known to be interconclated (James and
McCullough 1990; Norris 1970). The general objective of multivariate statistics is to build
statistical models that will represent or explained the main source ol variation i an
ensemble of many variables rather than as single varables examined individually

A group of multivariatec methods called gradient analysis have been uvsed with
ecological data (tcr Braak and Prentice 1988; ter Biraak 1987¢). In gradicnt analysis, the
main source of variation in the multivariate response data is expressed by independent
linear axes that can be displayed in ordination graphs Gradicnt analysis can he divided
in indirect gradient analysis, wherc the objective is to measure the intrinsic variation in
the response data, and direct gradicnt analysis, where the goal is o measure the variation
in the response data caused by specific cxplanatory variables (ter Braak and Prentice
1988; ter Braak 1987c).




Principal component analysis (PCA) is a well known example of indirect gradient
analysis which has been used with soil data (Norris 1970). PCA has been used to identify
the principal source of variation in soil data in order to infer potential controlling
processes or treatment effects (Dinel et al. 1991), and has also been used to classify or
group soil or forest floor units on the basis of certain variables of interest (Fyles et al.
1991; Muys and Lust 1992; Seclig et al. 1991). Some studies have conducted multiple
regression of cach PCA ordination axis on a chosen set of cxplanatory variables to
determine the variation in the soil data that could be explained by those variables (Odeh
et al. 1991; Ross et al. 1975).

To measure the cffect of specific controlling factors on forest floor properties,
however, direct gradient analysis may be more appropriate since the axes are constrained
to be lincar combination of the explanatory variables (ter Braak 1987c¢). Canonical
correspondence analysis (CCA)(ter Braak 1986) and Redundancy analysis (RDA) (van den
Wollenberg 1977) are cxamples of such techniques which are used when the response
along the environmental gradicent is cxpected to be unimodal and monotonic, respectively.
Odeh et al. (1991) were the first to test these methods on soil data. One of their
conclusions was that the assumption of the linear response of the soil data in RDA was
more adequate then the more general unimodal-gaussian response assumed in CCA. CCA
was developed (ter Braak 1986) to include the concept of an optimum position of species
along cnvironmental gradients, but this concept seems more difficult to apply to soil data
(Odch et al. 1991).

RDA 15 a combination of multiple regression and ordination (ter Braak and Prentice
1988; ter Braak 1987¢) and can be thought of as a PCA on the estimates of each soil
variable obtained by multiple regression on environmental variables (van den Wollenberg
1977; Legendre 1993). Each canonical axes then represents a fraction of the variation
cxplained by specific environmental variables. The sum of the variation explained by all
of these *constrained’ axcs is thus equal to the total variation explained by the explanatory
variakles. RDA was proposed by van den Wollenberg (1977) as an alternative to a

mcthod named Canonical correlation (COR) which had been used a few times for soil




study (Norris 1970; Webster 1977). COR aimed at maximizing the correlation between
the linear function of two sets of variables (Webster 1977). It gives, however, no
information about the variation of one set explained by the other set (van den Wollenberg
1977). Other inconvenicnees, such as the high sensitivity of COR o mutucollincarity
betwecen variables, have demonstrated that RDA may be more appropriate for the analysis
of ecological data (ter Braak 1987¢).

Although RDA has not becn previously apphed to forest floor data, 1t addresses
the problem of the complexity and intcrcorrelation of the variables and conscquently may
be a useful technique for studying relationships between forest floor fertility and
environmental factors. Odeh et al. (1991) were able to relate physical properties ol soils
to landform using this technique. Their study demonstrated the importance of appropriate
data transformation in using this method. The applicability of the procedure to forest Hoor
data remains to be determined.

The other problem encountcred in working with forest ccosystems, mentioned
above, is the heterogeneity of the studied phenomenon. Legendie (1993), Legendre and
Fortin (1989) and Dutilleul and Legendre (1993) have indicated that most ccological data
is heterogencous and spatially structurcd. Many studics demonstrated the importance of
spatial heterogeneity in forest ecosystems (Wyant ef al. 1991; Whitney 1991; Collins and
Khlar 1991; Cox and Larson 1993; Frelich er al. 1993; McClure and Lee 1993). In the
case of forest floors, most of the controlling factors arc themselves spatially structured
and consequently forest floor characteristics are cxpected to show spatial dependency
This could present difficulty in the analysis of the data for two reasons. First, part of the
spatial structure may be caused by autocorrelation, meaning that the value of a vartable
at a certain sampling station would be influenced by valucs at surrounding sampling
stations (Legendre 1993). This non-independence of the observations violates one of the
classical assumptions of the fitting of the multiple lincar regresston model (Steel and
Torrie 1980; ter Braak 1987b) used in RDA. Sccondly, the cficet of a specific
environmental variable on forest floor characteristics can bhe partly confounded with the
effects of other factors that can vary spatially on the study site. In view of the analytical

risks inherent in the analysis of spatially structured data, Legendre (1993) and Legendre
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and Fortin (1989) have stressed the importance of assessing spatial patterns and functions
as the first step of ccological data analysis. Recent studies have considered the role of
spatial heterogeneity n the analysis of ecological data (Dutilleul 1993; Dutilleul and
Legendre 1993; Legendre 1993; Legendre and Forun 1989; Kolasa and Fickett 1991).

An adaptation of the variation-partitioning mcthod (Whittaker 1984) was recently
developed in community analysis to incorporate spatial structure (Borcard et al. 1992;
Borcard and Legendre 1993). In the model of Borcard et al.(1992), the fraction of the
variation 1n the responsc variable data that can be explained’ by a third order polynomial
cquation of the geographical coordinates of the microsites on the site is used to detect the
spatial structure in the data set (cf. ter Braak 1987a). A RDA (or CCA), is computed for
environmental variables and for significant terms of the polynomial equation to measure
the relative contribution of environmental and spatial variables to the explained variation
in the response variable data. Partial RDA (or CCA) where the effect of the other group
is removed as covariable is used to measure the confounded effect of spatial structure and
environmental factors. In the model of Borcard ez af (1992) the variation in the data can
de divided n lour fractions; a) variation rclated to environmental variables, b) variation
related o a confounded effect of spatial structurc and environmental variables, ¢) variation
related to spatial structure alone , and d) unexplained variation. This approach was
developped for ecological communitics but to my knowledge, it has not neen yet applied
to soil or forest floor data. Since this model addresses both the complexity and the
heterogeneity inherent in forest soils, it has the potential to gencrate information that will
provide nsight into the relationship between forest floor characieristics and the
environmental factors.

The objective of this study was thus to test the applicability of RDA, and
specifically the variation partitioning model of Borcard er al (1992), to forest floor data.
The chosen environmental variables are tree species influence and microtopography. This
choice is hascd on many studies that have demonstrated the ceffect of different trec species
(cg.Fyles and McGill 1988; Boettcher and Kalisz 1990; Boerner and Koslowsky 1989;
Fricd er al. 1990) and microtopography (Beatty 1984; Beatty and Stone 1988; Sauvesty
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et al. 1993) on soil and forest floor characteristics. The scale of the study was the
microsite, meaning that cach forest [loor sample was collected from a arca of 05 m
diameter. Since many studics have demonstiated the stong relattonship between scale and
soil variability (Beckett and Webster 19715 Burrough 1983; Webster and Cualano 1975,
Riha et al. 1986; Grigal er al. 1991; Blyth and Maclcod 1978), 1t will be important to
consider scale n interpreting the ditterent fractions obtained m the vanation-partitioning,
mode! of Borcard et al (1992). Asscssment of the model assumptions ivolved several
issues, and is discussed in terms of: 1) a mtial study of the spatial structuie present in
the original data; 2) appropratc data transformation of the lotest toor data; 3) selection
of the spatial polynomial equation; 4) verification of the amount ol spatial structure
remaining after removing trends with the polynomial equation; and 5) partitonimg of the
variation in soil data with RDA and partial RDA and ccological mterpsetation of the

fractions obtained.

MATERIALS AND METHODS

Site description.

The study vas conducted in the Morgan Arhorctum near Montréal, Québee, Canada
(45°25’N, 73°57’W). The study site was located in a 20 (000 m’ mixed torest stand
dominated by beech, hemlock and red maple. The stand is approximatively 100 years old.
The limits of the study site were determined with the help of a pedological map of the
Morgan Arboretum to avoid major differences in parent material. The soils have all
developed on a fluvial sand deposit and arc classificd as Ferro-humic podzols.
Approximatively 75 % of the study site area is located on Ste-Sophie soil series while the
rest, located in the more elevated part of the site, 1s on Uplands soil-series. The
differences between the two series is mainly related to thickness of the deposit and the
border between them is not clearly defined at the scale the study was conducted. ‘The

humus type is Mor. The general topography was a gentle slope of 2° Lo the south, the
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microtopography is moderately mounded and the drainage is good to moderate. The site
had been managed as a farm woodlot until 1945 but management practices since that time

have been limited o the removal of dead trees.

Field sampling.

Eighty micrositcs were located on the study site using a 15 m grid. The
geographical coordinates x and y and the relative altitude z of each microsite were
determined in meters. The altiude was determined by measuring the difference in
clevation between neighbouring microsites with the help of a clinometer and a 3 meter
ruler. The value of z for each microsite was expressed in meters relative to the lowest
microsite, which was given the value zero. Forest floor was sampled at cach microsite by
cutting around a plastic core of 82 mm diameter. Three forest floor cores sampled in an
area of 0.8 m* were composited for cach micrositc. The area of sampling for each
microsite was chosen to avoid extreme conditions of microtopography such as distinct
mounds developed from recently fallen trees. Thickness of the foiest floor was measured
at cach micrositc and used as one of the thirteen forest {loor vanables in the rest of the
analysis. The sampling took place between August 28 and September 12 1992. Forest

floor samples were frozen within 3 hours after collection.

Forest floor analyses.

Analyses on sieved forest floor.

Forest floor was thawed, air dried, sieved with a 6.3 mm mesh to remove coarse
fragments, and weighed. Bulk density was expressed in mg/cm® of forest floor. The
following analyses were performed on the sieved forest floor: pH (10:1, H,O:forest floor),
extractable K, Ca, and Mg with the BaCl, extraction method (Hendershot and Duquette

1986), mineralizable N and basal microbial respiration (CO,).
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Mineralizable N and basal microbial respiration.

The minerahzable N (NH,", NOy) m forest floor was measured usmg an aciobie
incubation technique (adapted from Fyles er al. 1990}, Five grams ol sieved forest Hoot
was brought to a mosture content cqual to 20 kPa and mcubated acrobscally i 30 ml
plastic jars at 28°C for 14 days. The available N was then extracted with IN KCL and
determinc with a Lachat {low-mjection autoanalyser. Since the samphing was done over
a pertod of two weceks, it was necessary (o remove the avadable Nothat was imtially
present in the forest floor at the ume of the samphing. A KCE extraction was performed
on subsamples of forest floor to measuie the amount of avatlable N mutally present The
amount of N that was mincralized during the mcubation 1s thus equal o the aviilable N
measured in the {irst KCI exttaction minus the available N alicady present m the forest
floor and measured in the sccond extraction. Practically all ( >98 %) of the N that was
mineralized was in the form of NH,'. This laboratory mcasure of mincializable N s
interpreted as an indication of the inhcient quality of the orgame matter rather than as an
estimate ol mineralization in the field.

The microbial basal respiration (C(),) was measured on the incubitted samples used
for mineralizable N. After 10 days of incubation the plastic jars were sealed lor tour
hours and CQO, accumulated in the headspace gas determimed by gas chromatography ‘The
basal miciobial respiration was computed and expressed i terms of pg ot CO, produced

per gram of air dried soil per hour (pg/g/h).

Analyses on ground forest floor.

Subsamples of forest floor were giound and digested with HLSO, and H,0), (see
Parkinson and Allen 1975) prior to analysis for N and P by autoanalyscr and K, Ca, Mg
by atomic absorption spcetrophotometry. The ash content was determined after ignition

for 2 hours at 550°C.

Regression of forest floor vatiables on ash content.
Personal observations and the results obtained for ash content suggested that the

presence of mineral soil in the forest floor samples may have been responsible for the
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variation in ash content. Since there is a possibilty that the amount of sand may be related
to the sampling procedure, rather then to some forest floor properties, I decided to remove
its effect on the 13 forest floor variables chosen for this experiment. The residuals of the
regression of cach forest floor variable on ash content were computed and used in the rest
of the study. The ash content values used in the previous regression were themselves the
residuals of a regression of the initial ash content on the geographical coordinates x, y and
z of the microstics, 1n order o remove the fraction of the variation in ash content that was

spatially structured.

Environmental variables.

Tree species influence index.

Tree species influcnce was expressed as a function of the size and the distance of
individual trees from microsite. The index of trec influence used in this study was
developed from the procedure normally used in the computation of hasal area (c.f.
Groscnbaugh 1952).

In effect, when computing the basal arca of a particular species on a site, a fixed

basal arca factor is chosen. The basal area factor can be expressed as follow,

B.A.F = 10 000/ (2 * distance/ diameter)

Where the B.AF is rclated to the tree diameter and distance from the center of the
site o1 microsite. The value of 10 000 is used in order to express the B.AF. in m*/ha. The
usual procedure is to fix a certain B.A.F and to count only the trees that have an equal
or a larger mdividual B.AF.. The number of trees that meet that condition is multiplied
by the fixed B.AF to get a basal area expressed in m%ha. In the field, the fixed B.A.F
can be expressed as an angle projection from the center of the site to the tree. If the tree
is wider than this projected angle it can be tallied as its B.A.F is equal or larger than the
fixed B.AF..
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The method used in this study to calculate tree species influence can be seen as
the reverse of the basal arca method described above. In elteet, instead of counting the
trees that are tallied at a fixed B.AF., T computed the individual B.AFE. of evary tree
surrounding each microsite. This approach was uscd because the influence of large trees
close to the microsite would have been underestimated with the usual basal arca method
The measurement of trecs was not limited to a specitic arca around cach microsite but
rather by a visual approximation of the distance/dbh ratio of cach uee (i the B AL of
larger trees was computed over a greater distance). The influence of a species on a
microsite is thus the summation of the B.AF. of cach individual tree j. Since the B.AK
can be seen as a ratio, the geometric mcan was considered more appropriate than the
arithmetic mean (Stee!l and Torrie 1980), meaning that the index 7, of the influence of a

particular tree species k on a microsite was computed as follow:

n

=% In[(BAF.)]

1=1

An index of influence was therefore computed at cach microsite lor the following
tree species; castern hemlock (Tsuga canadensis (1..) Carr.), American beech (Fagus
grandifolia Ehrh.), red maple (Acer rubrum L.), striped maple (Acer pensylvanicum 1..),
red oak (Quercus rubra 1.), paper bircch (Betula papyrifera Marsh.), yellow birch (Berula
alleghaniensis Britton). The influence of uncommon tree species weie combined under
the variable "OTHERS’ and included specics like sugar maple (Acer saccharum Marsh.)

and amelanchier (Amelanchier sp. Med.).

Microtopography.

Three microtopographical variables were determined at cach microsite. With cach
microsite described as being cither a mound, a depression or flat. For cxample, the
variable MOUND is cqual to onc when the microsite is located on a mound, and szcro

when it is a depression or a flat. The variable FLAT was removed because of the
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multicollincarity between these three variables. A flat microsite is thus, a site that had a
zero value for both MOUND and DEPRESSION variables. The third microtopographical
variable (SLOPE) was the greatest slope determined in an area of about half a meter

radius from the center of cach microsite.

Statistical procedures.

Univariate and multivariate correclograms used in the study of spatial structure were
compuled with the "R’ package (Legendre and Vaudor 1991). Multiple regressions used
for data rransformation were computed with SAS (1986). The forward selection of the
spatial polynomial terms, the Redundancy Analysis (RDA) and partial RDA’s were
computed with CANOCO (ter Braak 1987-1992).

RESULTS AND DISCUSSION

Spatial structure in original data set.

Single variables.

As a preliminary study to detect and describe spatial structure in original data,
spatial autocorrclation was determined for single variables of both forest floor and
environmental data. Autocorrelation is the property of a random variable to take values
that arc positively or negatively correlated at certain distance classes of observations
(microsites) (Legendre 1993; Legendre and Fortin 1989). To determine the distance
classes, a matrix is build by computing the euclidian distances (based on geographical
coordinatcs) between each pair of microsites. These distances are then divided into a
chosen number of classes for which a coefficient of autocorrelation is computed. The two

principal coctficients used to compute autocorrelation are Moran’s / and Geary’s ¢. Both
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. coefficients were used to measure autocorrelation i our data set . Since the general
conclusions reached with both cocfticicnts were similar, only the results obtained with

Moran’s I will be discussed. Moran’s / is computed by the following formula:
I(d) = [n ZXw, (vV)(v7)] 7 [WE(v-V)].

The coefficient is computed for cach distance class "d”. The v's are the values of
the chosen variable. The summations are for i and j varying {rom | o n, where nis the
number of microsites, except when i =j. The valuc of w, 1s | when the pait (7,/) belongs
to the distance class *d” for which the coefticient is computed and O for all the other
pairs. W is thc number of pairs taken into account when computing the coetlicient for the
given distance class. Positive values of Moran’s 7 correspond to positive autocorrelation,
negative values correspond to negative autocorrelation and the value ol ze10 1s expected
in the absence of autocorrelation.

No statistical tests were computed on the correlation coctTicients caleulated atcach

. distance class because the assumption of weak-stationarity was not met (Legendre 1993,
Dutilicul and Legendre 1993). This has no conscquence at this stage, however, hecause
v interest is focused on the general shape of the correlogiam (cl.Legendie 1993 and the
discnission on trends and autocorrelation presented below).

The shape of the curve of corrclogram, in which I values arc plotted against
distance classes, was used as an indication of the general pattern ol autocorrelation of
each variable over the site. The horizontal and vertical components of the spatial location
of microsites were treated separately as [ could not assume that the source of vanation
along the vertical axis was of simila naturc to that acung in the two honzontal axces.
Crnsequently, two graphs were plotted for cach vartable, the first bascd on the xand vy
geographical coordinates, and the sccond based on z coordinates Additional mformation
on the interpretation of correlograms using Moran’s / and Geary’s ¢ 15 given by Legendre

and Fortin (1989) and Dutilleul and Legendre (1993), respectively.
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Horizontal structure in environmental variables.

Spatial structure in the horizontal dimension was observed for most environmental
variables. Figure 1 shows the correlograms of four of the scven tree species considered
in the study. The red oak correlogram, in which there is a gradual change in
autocorrclation from positive autocorrelation at small distance classes to negative
correlation al greater distance classes, is typical of a gradient (Fig. 1a). The spatial pattern
of red oak influence is thus cither following a gradient or a sharp step between two
distinct patches. Beech, hemlock and striped maple corrclograms are more typical of a
single patch spatial pattern (Fig. 1b,1c and 1d). Despite slight differences, the three curves
show a similar pattern where there is positive autocorrelation at small distance classes,
negative autocorrelation around classes 8, 9, 10 and positive correlation at greater
distances classes. This suggests the presence of an area of different tree association near
the centre of the study site. The similarity of these threc curves may indicate that there
is somc underlying spatially structured factor that influcnces tree species distribution
within the study arca or that ccological dynamics implicated in forest patch formation and
tree species association or exclusion is involved (Frelich er al. 1993). The three
microtopographical variables did not show clear spatial patterns in the horizontal

dimension.

Vertical structure in environmentol variables.

Most environmental variables showed spatial structure in relation to the relative
altitude of the microsites. The beech correlogram (Fig. 2a) shows a pattern where beech
influence is positively autocorrelated on microsites of the same height and negatively
correlated on sites with the farthest difference in altitude. Striped maple correlogram (Fig.
2b) displays a similar pattern until class 11 but is positively autocorrelated on microsites
that differ the most in altitude. The general topography of the study site, however, shows
a gende slope going from one end of the site to the other, indicating that the relative
altitude of cach microsite is itsclf spatially structured along the horizontal component. The

spatial structurc obscrved in the vertical and horizontal component of Figures 1 and 2 are
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thus partly confounded, meaning that it may be better expressed as a function of the three

geographical coordinates.

Horizontal structure in forest floor variables

All forest floor variables cxcept NHy+ showed some spatial pattern in their
distribution over the site. All demonstrate the presence of patches but with differences
between them. The different shapes of correlogram curves observed can be summarized
by the four examples used in Figure 3. Extractable potassium (Fig. 3a) has a spatial
structure relatively similar to Figures 1b,lc, and Id, suggesting that it is cither partly
responding to beech, hemlock and striped maple or that it is wfluenced by a common
underlying factor. We can thus predict that the effect of some tree species on extractable
potassium will be partly confounded with spatial structure. The same applics to nitrogen
(Fig. 3b) which is the most spatially structured of all the forest floor variables. ‘The spatial
pattcrn of nitrogen (phosphorus has a similar shape) docs not however fit the tice speceies
curve as well, suggesting the presence of spatial structure uarclated Lo the environmental
variables chosen. Figures 3¢ and 3d show other type of patchiness found n the ferest
floor daia. Calcium (extractable calcium has a similar shape) exhibited the least spatial

structure of the displayed variables (Fig. 3d).

Vertical structure of forest floor variables.
The corrclograms in Fig. 4 illustratc that spatial structure was not as evideit in
forest floor data than in environmental variables. As for the environmental variables, the

spatial structure of the vertical component is confounded with the horizontal component.

In general it is clear that my data was spatially structured, since patierns were
observed in both environmental and forest floor variables. Although the shape and the
strength of spatial structure varicd between variables, there was a dominaung patten
suggesting a patch present somewhere in the centre of the site (classes 7, 8, 9, 10). This

pattern was observed in both forest floor and environmental correlograms, indicating that

19




some contounded cffect of spatial structure and environment may be encountered in the
further analysis of the data.

The causes of the spatial structure in the data can be of two types, trends (true
gradicnt) or 'real” autocorrelation (false gradient) (Legendre 1993; Dutilleul and Legendre
1993). In wends, the value of a variable al a microsite is a function of its geographical
position on the site. This means that the correlation between the values of a variable at
certain distance classes is causcd by a controlling factor that is spatially structured on the
sitc. Trends can be related to large scale patierns occurring over the site and are
potentially semoved or captured by trend surface analysis (Burrough 1987). Technically,
the obscrvations (microsites) are still considered independent since the error terms arc not
correlated (Legendre 1993). One consequence of trends is that the assumnption of weak-
stationarity necessary to compute statistical tests on correlograms is not met since the
mcan and the variation of variables vary with the geographical position of the microsites
(Legendre 1993; Dutillcul and Legendre 1993).

In “real’ autocorrelation the value of a variable at a microsite is a function of the
valucs of that variable at neighbouring microsites (Legendre 1993; Legendre and Fortin
1989). Concictely, this means that forest floor and environmental variables at one
micrositc influence the variables of surrounding microsites. Some of the autocorrelation
in the environmental variables could be caused by inherent biological qualities of the
different tree species involved in community structuring (eg. sced dispersion, competition)
(Frelich et al. 1993; McClure and Lee 1993). For example, the presence of beech at one
micrositc will have an influence on becch and other specics’ presence or absence at
surrounding icrosites. Positive autocorrelation in the small distance classes of Fig. 1
were certainly influenced by the fact that certain trees were large enough and located ina
way (o influence more than onc microsite at a time. The causcs of 'real’ autocorrelation
in forest floor data are more difficult to identify becausc it is unlikely that a forest floor
variable at onc microsite could influence variables of another microsite at least 15 m
away. We can suppose that it is mostly a consequence of the autocorrelation in controlling

factors. One consequence of autocorrelation is that the error terms between neighbouring
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microsites are correlated, meaning a non-independence of observations that can affect the
interpretation of the RDA (Legendre 1993).

The spatial structure detected in Fig 1 to 4 is probably a combination of tends and
’real’ autocorrelation. The analysis of the residuals obtained after using a trend surface
analysis (sce below) was used to gain further insight into the type of spatial structure

present in the data.

Multivariate data.

Sokal (1986, cited by Legendre and Fortin 1989) and Oden and Sokal (1986) have
developed a method to compute corrclograms on multivariate data using two distance or
similarity matrices. Sincc my data is multivariate, I decided to complement the
investigation of initial spatial stucture with this approach and cvaluate the type of
information it can generate. Two distance matrices were computed, one for  the
environmental data and the other for the x and y geogiaphical coordinates data. The
euclidian distances based on geographical coordinates and computed for cach pair of
microsites were divided in ten distance classcs (d). For cach of these distance classes (d),
a binary matrix was constructed where the pairs of observations conesponding (o that
class d were given the value 1 and all the other the value 0. A mantel statstic (1) (Mantel
1967 cited by Legendre and Fortin 1989) was computed between the enviionmental
distance matrix and each of the binary matrix corresponding to the different distance
classes. The results arc displayed in a Mantel correlogram. This procedure was repeated
for standardized environmental data and for both raw and standardized forest Hoor data
(Fig. 5 and 6). In Figures 5 and 6, a ncgative r mcans that microsites close to one another
in space (small geographical distances) arc more similar (small envionmental distances)
then microsites far apart (high geographical distances), on the basis of the same set of
environmental distances. Positive r means that microsites far apart geographically arc also
far apart environmentally in the space of the corresponding distances. With this in mind,

negative r values may be interpreted as positive multivariate autocorrelation, while the
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positive r values arc translating negative multivariate autocorrelation. Except for figure
6a, the overall shape of these correlograms suggests a gradient or a structure with steps.
The positive autocorrelation lasts up to about the fourth distance class, meaning that the
zonc of multivariate autocorrelation ( the size at which forest floor or environmental
associations remain similar) is approximatively 105 meters. Figures 5a and 6b show that
negative multivariate autocorrelation increases at larger scale as intrinsic association
pattern of the variables is becoming increasingly different with increasing geographical
distance. The difference between untransformed and standardized correlograms is caused
by the fact that variables with greater variance are more likely to influence the
corrclogram shape in untransformed data. In the environmental data, tree species influence
is morce spaually structurcd than microtopography and has a greater influcnce on the shape
of Figurc S5a because of its greater variance. By standardizing, the microtopographical
variables, which are not spatially structured, contribute more to the shape of the curve and
may causc the platcau in large distance class observed in Figure Sb. For forest floor
variables, the units of measurement had an influence on relative variation and contribution
to the shape of the correlograms. The absence of spatial structure in untransformed data
may be caused by the fact that NH,*, which was not spatially structured, had the greater
variance in forest floor variables.

In summary, Figures 5 and 6 demonstrated that the similarity between the
association of variables at each microsites decreases with distance classes suggesting

spatial patterns in the data set.

Data transformation.

Maximizing linearity.

RDA is a combination of ordination and multiple regression (ter Braak and Prentice
1988; ter Braak 1987c). Assumptions valid for multiple regression will thus apply to
RDA; specifically,independence of observation, normality of distribution, linearity of
dependent variable response (Steel and Torrie 1980; ter Braak 1987c). When working

with only one dependent variable at the time, data transformation is done so that the
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variable can be best explained by the chosen statistical model, cither by assuring a normal
distribution or a linear response. In multivariate data, where the different response
variables are expected to respond in a similar way, a unique transformation applicd on the
ensemble of the data may be adequate. For cxample, in community analysis, although
each species has a different position along the environment gradient, the shape of their
response is somewhat similar (c.{ ter Braak 1986). In soil and forest floor data, however,
the type of response for each variable may vary greatly. Grigal er al. (1991) have
observed large variability in the shapc of forest soil varable response to an environmental
gradient. A general data transformation applied to all data may improve lincarity for
certain variables but decrease it for others. This would arbitrarily increase the explained
variation of certain variables at thc expense of others. Since RDA usces estimates of single
response variables of multiple regression on environmental variables, it was decided to
proceed with individual variable data transformation. The objective was thus (0 maximize
the linearity of the response of each forest floor variable Lo the environmental variable by
choosing the transformation that would give the highest cocefficient of determination.
Each response variable (v) was thus submitted to the following transformation, ¢,
In(v) and (v*-1)/t where 7 varics between 0.1 and 5. The (v*- 1)/t transformation has been
used by Box and Cox (1964, cited by Legendre and Legendre 1984) o determine
transformation that maximizes the normality of the distribution (Legendre and Legendre,
1984). Table 1 shows the transformation chosen for cach variables and the cocefficient of
determination (R?) for both transformed and untransformed data. Except for the variable
CO,, the transformations had little effect on the incrcase of the cocfficient of
determination. There is, however, differences in the transformation chosen for cach
variable, indicating that a unique transformation applicd to the whole gata would have
given a lower coefficient of determination overall. The chosen transformations shown in

Table 1 were applied and the transformed variables used in the rest of the analysis.

Standardization.

The forest floor variables were centred and standardized so that cach variable

would have the same weight in their relative contribution to the overall variation in forest
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floor data (Noy-Meir et al. 1975). This procedure was necessary since variables were
expressed in units of mcasurement that are not comparable; for example pH scale vs
mg/g or cm.

The environmental variables were also centred and standardized since tree species

influcnce and microtopography were cxpressed in different units.

Canonical trend surface analysis.

Individual and multivariate correlograms have shown some spatial structure in our
data sct (Fig. 1 to 6). The procedure used by Borcard et al (1992) to incorporate spatial
structure in the variation-partitioning model was followed. A polynomial cquation was
built using geographical coordinates of microsites. Since Figures 2 and 4 have shown the
importance of the rclative altitude of the microsite in spatial patterns observed, the z
coordinates were also included in the polynomial equation. The polynomial equation was
built 10 be of third order so as to detect large scale structure on the site while keeping
ecological meaningfulness (Burrough 1987). The terms of the polynomial equation were
submitted to the forward selection of the explanatory variables using Canoco (ter Braak
1987-1992) in order to select only the terms that contributed significantly to the explained
variation in the forest floor data at the 0.1 level of significance. The significant terms

chosen were

vV = bX + byy + byyz + bz*> + byy’z

Autocorrelation of residuals.

The objective of this step was to determine the amount of spatial structure
remaining in forest floor data after removing the spatial structure expressed by the
polynomial equation. Spatial autocorrelation was computed using Moran’s I coefficient
on the residuals of the multiple regression of each forest {loor variable on the terms of

the polynomial cquation.
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By rernoving some of the spatial trends piesent in the data, weak-stationarity of the
forest floor data can be assumed and thercfore statistical tests can be computed tor cach
correlograms (Legendre 1993; Dutilleul and Legendie 1993), Sincee sevenal tests (15) are
done at the same time, Legendre and Fortin (1989) iccommend that a Bonferom test be
computed cn the overall correlogram before interpreting the statistical significance of
individual distance classcs. The Bonferoni test is done by dividing the chosen level ol
significance by the number of distance classes (ic. 0.05/15 = 0.003) For the overall
corrclogram to be significant, some of the distance classcs must have a autocorrelation
cocfficient significant at the 0.003 level. In Figures 7 and §, although some imdividual
distance classes show significancc at the 0.05 level, none of the correlograms contains any
coefficient significant at the 0.003 level, meaning that in general, the spatial polynomial
equation has extracted the major source of spatial structure in the data and that the
remaining spatial structure 15 not considerable.

It is possible that some of that remaining spatial structwie may be caused by
undetected trends that could potenually be removed by using more teims in the
polynomial equation, by, for cxample, using the smallest polynomial cquation that would
include all the terms chosen by forward selection for cach forest floor varable taken
individually. On the other hand, the remaining spatial structurc may also be caused by
autocorrclation in the data.

The fact that most spatial structure in forest floor data was captured by the
polynomial equation allowed me to proceed with the partitioning of the varation with

confidence in terms of the assumptions of RDA.

Partitioning the variation.

The last step in this data analysis was to partition the variation mn the forest floor
data into the fractions of the modecl ol Borcard et al. (1992). The sum of all constramed
axes were computed for four RDA’s and arc equal to the varation cxplained by the
explanatory variables in the forest floor data. The RDA’s were computed with CANOCO
(ter Braak 1987-1992). The following results were obtainced,
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1) RDA of the forest floor data constrained by cnvironmental variables. Variation
explained= 355 % (p < 0.05).

2) RDA of the forest floor data, constrained by terms of the polynomial equation.
Variation explained= 31.0 % (p < 0.05).

3) RDA of the forest floor data constrained by cnvironmental variables, but after
removing the cffect of the terms of the polynomial equation as covariable.
Variation explined = 21.6 % (p < 0.05).

4) RDA of the forest floor data constrained by the terms of the polynomial equation,
but after removing the effect of environmental variables as covariable.

Vartation explained=17.1 % (p < 0.05).

The variation explained by environmental variables alone (fraction ’a’) is thus
cqual to 21.6 % (step 3). The variation cxplained by spatial siructure alone (fraction ’c’)
is cqual 10 17.1%. Finally, the fraction ’b* which is the variation explained by a
confounded cffect of both spatial structure and envilonmental variables, is computed by
using step (1) - step (3), or step (2) - step (4): 13.9 %. The relative importance of the
different fractions in cxplaining variation on forest {loor data is shown in Figure 9.

Fraction *a’ (21.6%) is the variation in forest floor data explained after removing
the spatial structure expiessed by the polynomial equation. The confounded effect of
environment and space is thus mostly removed and it can be assumed that the variation
in this fraction is primarily due to the tree species influence and the microiopography
ctfect alone. Effects of different tree species on forest soil fertility have been shown by
many studics (cg. Fyles and McGill 1988; Fyles and C6t¢é 1993; Boettcher and Kalisz
1990; Boerner and Koslowsky [984; Xiao er a/. 1991). Such an ctfect arises through the
combined influence of stemflow and throughfall quality (Parker 1983; Gersper and
Holowaychuk 1971), huer quanty, (Coté and Fyles 1993; ) and root activity (Berendse
et al. 1989; Bowden et al. 1993) all of which may differ be.wvcen specics. Some of these

studics have also demonstrated that the tree species effect could be detected at the
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microsilc level at which this study was conducted (Boerner and Koslowsky 1984). Beatty
(1984), Beatty and Stone (1988) and Sauvesty ef al. (1993) have demonstrated that forest
soil collected in pits and on mounds have ditferent charactensties.

Fraction ’b’ (13.9%) can be viewed as the varation esplinned either by spatially
structured cnvironmental vartables or by underlying spatial lactors influencing both
environmental variables and forest floor propettics ndependently. On one hand, lraction
‘b’ could be caused by uce species influence and mictotopogiaphy that aie unevenly
distributed on the site, following distribution of” parent matenal, disturbance o patterns
in the general topography or dramage condition of the site. On the other hand, these
controlling factors may influence tree distubutton |, mictotopography and the forest loo
characteristics independently making the causal clfect between environmental varables
and forest [loor propertics impossible to verily.

Fraction ¢’ (17.1%) is desciibed as the varation related to spatid structuie alone
It could be causcd by unmcasured controlling tactors that have a spatal stiuctne
expressed by the polynomial cquation. Diffeient hypothesis can be generated to explam
this fraction. First, spatially structured abiotic factors such as parent material and deainage
may have an effect on forest floor charactenstics that is independent of tice species
distribution. In effect, the study site represents a small range of abiouc factors and maost
tree specics present are equally capable of establishing anywhere on that stte, suggesting,
that tree species distribution 1s not only determined by these abrotie factors but also by
biological processes involved in patch formauon (Ficlich ¢r al. 1993) This sugpests that
the spatial structuie of environmental vanables and abiotic tactors will not be compleely
confounded and that some of the cffccts of these spatially stuctuied, but unmeasued,
abiotic factors on forest floor will be extracted i tracuon "¢’ Sccondly, o their
irterpretation of fraction ’¢’, Boicard and Legendie (1993) have considered the ime o
hi torical aspect of the studied site. It is posstble that natural or man-made disturbances
occurring on specific arcas of the site have had an clfect on forest floor properttes and
that it was extracted in the fraction ’¢’. Birks (1993) stiesses the fact that the spatal alone

fraction may be difficult to interpret and that hypotheses could he verthied later on
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Fraction ’¢” could be described as a part of the unexplained fraction that is spatially
structured at the scale of the study.

The uncxplained fracuon (47.4%) is the variation in the forest floor data that was
explained neither by chosen environmental variables nor by the terms of the polynomial
cquation. The size of the unexplained fraction obtained in this experiment is comparable
to results from Borcard er al. (1992) measured on different sets of ccological
communitics It is ¢ither related to large scale spatially structured factors that were not
captured by the polynomial cquation or by undetected factors varying locally at the
microsite level or at a smaller scale than the one chosen for this study. Scale has been
reccognized to have an important effect on the variation of soil properties since their
spatial structurc and response to environmental variables can vary with the scale of the
study (Buriough 1983). Part of this unexplained fraction may thus be a conscquence of
the chosen scale of study.

In summary, 52.6 % of the total variation in forest floor was explained by the
variatton partitioning model of Borcard et al. (1992). The model demonstrated the
importance of spatial structure in the data set (31.0%). More than half of this spatial
structure (17.1 %) was not related to the chosen environmental variables, meaning there
weie important spattally structured factors that were not considered in this study. The
model also allowed me 1o isolate the effects of environmental variables of intercst from
their confounded effects with spatial structure, indicating that without the incorporation
of the spaual structure in the model the interpretation of the influence of tree species

influcnce and microtopography on forest floor fertility could have been biased.

CONCLUSION.

The RDA-variation partitioning model (Borcard et al. 1992) was successful in
addressing problems of complexity and spatial heterogeneity of our data. The spatial
structure detected in the first step of the analysis was incorporated in the model and the

effect of a suite of environmental variables on the suite of forest tloor properties taken
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as a whole, was isolated. The study has thus demonstrated the potental o RDA
techniques for studying the influence of controlling factors on forest floor propertics.
This study examined only one data sct and application of this method to other data
set is therefore necessary to test its validity as a general method for studying causes of
forest floor variation in mixcd forests. The ability of the trend surface analysis to capture
spatial structure in soil variables should be tested for other forest stands where spatial
patterns may be differcnt. The concepts of spatial trends and autocotrelation may hise o
be addressed in terms of their ccological meaning for forest {loor data. Since many soil
studies have looked at the importance of spatial pattern and scale it imght he possible to
find more appropriate techniques to incorporate spatial functions that would mtegrate

different factors and processes involved in controlling forest floor propertics.
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Table 1. Transformation of the forest floor variables that maximizes the coefficient of

determination (R?) of tneir multiple regression on environmental variables.

R? (%) for
Best transformed untransformed
Variable(v) transformation vartables variables
N (v*4-1)/0.4 46.3 453
P e’ 28.4 279
K e’ 27.5 27.0
Ca (v*5-1)/0.8 52.5 524
Mg e 442 40.7
‘ extr.K In(v) 28.3 279
extr. Ca (v*"-1)/0.75 52.5 52.3
extr. Mg e’ 29.9 29.7
pH (V-1)12 30.8 30.6
CO, In(v) 24.3 15.7
NH,* (v'?-1)/1.5 28.7 28.1
THICKNESS (v**-1)/0.25 36.6 35.0
BULK DENSITY (v*3-1)/0.5 30.4 29.9
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Figure 1. Moran’s correlograms for the horizontal spatial structure of four environmental
variables; red oak (1a), American beech (1b), castern hemlock (1¢), and striped maple
(1d).
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Figurc 2. Moran’s correlograms for the spatial structure in the vertical component of two

environmental variables; American beech (2a), striped maple (2b).

34




Moran’s I

Moran’s I

S
P
1

0.3

0.2 1

0.1 A

-0.1

-0.2

2a-American beech

0.2

3

5

L) ! 1 t

7 9
Distance classes

11

13

15

0.15 4

0.1 -

0.05

<

=)

=

W
{

S

b

n
i

2b-Striped

maple

3

5

T L I T

7 9
Distance classes




Figurc 3. Moran’s correlograms for the horizontal spatial structure of four forest floor
variables; cxtractable K (3a), total N (3b), extractable Mg (3c), and total Ca (3d).
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Figure 4. Moran’s correlograms for the spatial structure in the vertical component of two

forest floor variables; extractable K (4a), CO, (4b).
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Figure 5. Mantel’s multivariate corrclograms for the horizontal spatial structure of; the

untransformed (Sa) and standardized environmental data (5b).
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Figure 6. Mantel’s multivariate correlogram of the horizontal spatial structure for; the

untransformed (6a) and standardized forest floor data (6b).
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Figure 7. Moran’s correlograms for the horizontal spatial structure of residuals of
multiple regression of four forest floor variables on the terms of the polynomial
equation; a) extractable K, b) total N, ¢) extractable Mg, and d) total Ca. No

autocorrelation coefficients were significant at the Bonferoni level of 0.003.
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Figurc 8. Moran’s corrclogram for the wvertical spatial structure of residuals of
multiple regression of two forest floor variables on the terms of the polynomial
cquation,; a) extractable K and b) CO,. No autocorrelation coefficients were significant

at the Bonleroni level of (0.003.
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CHAPTER TWO

THE ROLE OF TREE SPECIES IN CONTROLLING FOREST FLOOR
FERTILITY
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INTRODUCTION

Early studies in forest ecology recognized the influence of trees as one of the
important factors controlling surface soil propertics in forest ecosystems (Alway et al.
1933; Lutz and Chandlcr 1946). The influence of trces on forest soil is part of a combined
cffect of interacting controlling factors including parent material, topography, climate,
disturbance, other biological activitics and time (from Jenny 1941).

The nature of the tree influence on forest soil properties is primarily determined
by a combunation of three different mechanisms. First, the interception, redistribution and
alicration of precipitation by contact with the trunk, the branches and the foliage can
modify soil characteristics at the base of the tree and under the canopy (Parker 1983).
Gersper and Holowaychuk (1971) have demonstrated that the quality and quantity of
stemflow differs between tree species. Secondly, there is a relationship between litter
decomposition and nutrient release, and characteristics of the upper forest soil (Melillo
et al. 1989; Boerner 1984a; Tappeincr and Alm 1975; Johnston 1953). Many studies have
obscrved important variation in litter quality, decomposition rate (Rustad and Cronan
1988; Whitce et al. 1988; McClaugherty et al. 1985; Berg et al. 1984; Aber and Melillo
1982; Melillo et al. 1982), and acid-base status (Coté and Fyles 1993) of different tree
species, that potentially affect forest soil fertility. Thirdly, processes occurring at the
rhizosphere level of trecs may affect soil propertics. Carlyle (1986) indicates that the
turnover of fine roots may result in an organic mput of 2-5 times that of above ground
literfall. Carlyle (1986) and COt€ and Fyles (1993) also stress the importance of
considering the input of carbon and nutrients as a factor influencing forest soil fertility.
Berendse et al. (1989) suggest that root carbon exudates may affect nutrient
mineralization rates in the forest floor, and that cxudation may differ between species. A
recent study has demonstrated the relative importance of root activities in forest soils
(Bowden et al. 1993). Few studies, however, have studied the mechanisms and processes

taking place at the rhizosphere level. In summary, the nature of the tree influence varies
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among species, indicating that tree species can have ditferent cffccts on the overall
nutrient status of forest stands.

The importance of the effect of a particular species on soil fertility can be infereed
from studies comparing the productivity of purc versus mixed stands. Malcolm (1987)
observed that Sitka spruce grew better when associated with larch and that this improving
effect was linked with higher nitrogen mincralization tates in muxed compared o pure
stands (Carlyle and Malcolm 1[986). Biondi er al. (1992) have demonstrated that
ponderosa pine growth was less affected by intra-specitic competiton with merecased
presence of gambel oak in pine stands. Although this result can be aunbuted to an
increase in pine spacing causced by the presence of gambel oak, (Biondi er al 1992) the
positive effect of gambel oak on soil nutrient status (Lefevie and Klemmedson 1980,
Klemmedson 1987) is also to be considered. These studics suggest that the presence of
certain species may have an ameliorating or deteriorating effect on the nuttient status of
forest stands. They demonstrated that understanding the role ol tree species in contiolhing
fertility may have practical applications with respect o maintaining or improving soil
fertility.

Many studies have examined the specific effects of different tree species on chosen
soil characteristics. Generally, these studies have been conducted either at the single-tree
level or at the forest stand level. The concept behind single-tiee study was developed by
Zinke (1962) and refers to the fact that each individual tree has a zone of intluence
extending from the base of its trunk to outside the canopy. This concept has heen used
to demonstrate differences in soil propertics under the canopy of individual tice of
different species (Boerner and Koslowsky 1989; Boettcher and Kalisz 1990; Turner and
Franz 1985; Mergen and Malcolm 1955) and to examine variability in soil characieristics
on transects going from the base of the trunk to outside the canopy of dilferent species
(Pallant and Riha 1990; Lodhi 1977; Zinke 1962).

On the other hand, the studies done at the stand level have compared soil
properties beneath plots or stands dominated by a specific tree species (Alban 1982
Alban er al. 1978; Lodhi and Ruess 1988; Fyles and McGill 1988; Kuiters and Denneman
1987; Fried et al. 1990; Young 1981; Challinor 1968) or beneath stands of different
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mixtures (Plymale et al. 1987; Perry et al. 1987; Klemmedson 1987; Lefevre and
Klemmedson 1980; Carlyle and Malcolm 1986). In gencral, most of these studies were
able to detect differences in certain forest soil variables atributable to the effect of
different tree species.

The different methods used to measure the influence of trees on soil properties
have generally worked with 3 1) models explaining the variation for cach soil variable
taken individually, and 2) forest stands of relatively low diversity. These two aspects must
be explored 1n order to state the objective of this study.

Fitst, instead of examining them separately, soil variables can be considered as
integrated clements of a more complex system that 18 commonly icferred to as soil
fertility. In fact, soil variables have been shown to be intercorrelated (Norris 1970) and
to vary moic or less in concert (Webster 1977). Different approaches have been developed
in order to consider the soil fertility or nutrient status taken as a whole. For example, a
bioassay, in which barley and tree seedlings were grown on soils coming from stands of
different tree mixtwres, was used by Klemmedson (1991) as a fertility measurement.
Another approach is the use of multivariate analysis which examine the variation in a
group ol variables taken as whole. Multivariate methods assume that the soil variables
respond o the same environmental gradients (ter Braak and Prentice 1988). Different
multivariatc methods have been used with soil data (Odeh et al. 1991; Muys and Lust
1992; Fyles et al. 1991; Scelig er al. 1991; Dinel er al. 1991; Ross et al. 1975) but rarcly
in the context of the potential effect of tree specics (¢!, Gauch and Stone 1979).

Sccondly, in studies of tree effects on soil fertility done on stands of relatively low
diversity (pure stands or mixtures of two species) it is casier to detect or infer the effect
of a specific tree specics. Similar studies working in more diverse stands (Perry et al.
1987, Plymalc er al. 1987) did not aim at isolating specific tree specics effects. There s,
to my knowledge, no study that has examined the relative effect of different tree species
in diveise stands where many specics co-exist.

The presence of many co-cxisting tree specics generates more interactions between

the different processes involved in structuring the community (see Frelich et al. 1993).
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In addition, interactions between spatially stuctured envitonmental constrams and the
differential response of tree species increase the level of complexity in the ccosysiem by
generating spatial heterogencity (Milne 1991; Cox and Larson [992; Colhins and Khla
1991; Whitney 1991). This spatial heterogencity, in which tree species are distitbuted
neither uniformly nor at random, makes the tree species mfluence on lorest sail tertibity
difficult to isolate from the confounded cffect of other conuolhing factors. In wider to
isolate the relative influence of different tree specices on torest sol teruliy, the stanstical
model must consider the spatial structure present in the ccosystent (L egendre and ortin
1989). Recent studies have addressed the problem of heterogeneity and spatial stucture
in ecological analysis (Dutilleul 1993; Duillcul and Legendie 1993 Legeadie 1993,
Legendre and Fortin 1989; Kolasa and Pickett 1991; Borcand er aaf. 1992, Bowwd and
Legendre 1993) and a method was developed by Borcard er al. (1992) to meoiporate
spatial structure into a model ol variation parttioning by using trend suitace analysis (¢ .
ter Braak 1987a).

The goal of the present study was o examinge tree species mttuence on forest oo
fertility by using an approach that can: I) consider the varation in the foest toor
variables taken as whole; and 2) work with mixed forest stands composed of many c¢o
existing trec species. The model of Borcud et «f. (1992), using Redundancy Analysis
(RDA), was chosen for its potential to address both the mtercorrelation of the forest floor
variables and the spatial heterogeneity of mixed forest stands (see Chapter 1) Inthe finst
Chapter, I have used their model to separaie the vanation m the forest floor i touw
fractions : fraction 'a’ or variation related o environmental vanables (Lee species and
microtopography) alone; fraction b’ or variation iclated to a contounded cllect ol
environmental variables and spatial structure; fraction 'c’ or vanation clated o spatal
structure alone; and fraction 'd” or uncxplained variation. "The model proved eflicient i
extracting most of the spatial structure that was detected ina prelimmary siudy of the
spatial patterns present in the original data set (Chapter one) In this study, the emphasis
was put on the fraction of the forest floor variation thatis explained by uce species alone
The tree species flaction was thus isolated from the spatial and microtopographical

components in order 1o study its relative importance in explamng variation in forest floor
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propertics. A more complete look at the ccological relationships between the specific tree
species and the forest floor properties gave useful information about the role of trees in

controlling forest floor fertility in mixed stands.

MATERIALS AND METHODS

Please reler to Chapter one for information on ; Site description, field sampling, forest
floor analyses, environmental variables (tree species and microtopography), data

transformation, canonical trend surface analysis, and statistical procedures.

RESULTS AND DISCUSSION

The relative contribution of trees in the variation explained in forest floor data.

The variation in forest floor data was partitioned into eight fractions, using a
procedure similar to Borcard et al. (1992). The main difference in the method used in this
study lics in the fact that the procedusre used by Borcard er al (1992) only works with a
combination of threc matrices at a time; two explanatory variable matrices and one
response variable matrix. Because my analysis used four matrices (tree species influence,
microtopography, terms of the spatial polynomial cquation and forest floor variables) the
partitioning had to be done by computing a serics of combinations of three matrices.
Conscquently, twelve RDA’s of forest floor data were used to compute the different
fractions. The sum of the variation cxplained by all canonical axes (or the sum of axis
cigenvalues) of the RDA is equal to the total variation explained by the chosen set of
explanatory variables. Table 1 summarizes the procedure and the results obtained. The

cight fractions arc computed from results of Table 1 as follows:

Fraction "al” (tree species effect alone); RDA 4 = 16.0 %.
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Fraction 'a2’ (microtopography alonc); RDA 5 = 4.9 %.

Fraction *a3’ (confounded effect of tree species and microtopography);lRDA 7 - RDA 4]
or [RDA 10 - RDA 5] = 0.7 %

Fraction *b1I" (confounded cffect of tree species and spatial structure); [RDA 8 - RDA 4]
or [RDA 12 - RDA 6} = 129 %.

Fraction *b2’ (confounded cffect of microtopogiaphy and spatial structure); [RDA 9 -
RDA 5] or [RDA 11 - RDA 6] = 1.4 %.

Fraction ’b3’ (confounded effect of tree specics, microtopography and spatial stiucture);
[RDA 1 -(RDA 7 + RDA 28 - RDA 4)] or [RDA 2 - (RDA 9 + RDA 10 - RDA 5)]
or [RDA 3 - (RDA 11 + RDA 12 - RDA 6)] = -0.4 %.

Fraction ’¢’ (spatial alonc); RDA 6 = {7.1 %.

Fraction ’d’ (unexplained); 100 % - total variation explained by the summation of the
seven fractions of the modcel (52.6 %) = 47.4 %.

Figure | shows the variation in forest floor data cxplained by the diffeient tractions.

Fraction ’al” (16.0 %) is the forest {loor vamaton cxplamed by tree species
influence alone after removing the cffect of microtopography and spatial structure as
covariables. Variability in the nature of tree species inffuence on torest [oor fertihity s
potentially caused by the differential species effect in terms of stemtlow and throughiall,
litterfall, and fine root turnover and cxudation. For example, because of 1ts smooth hark
the volume of stemflow under beech is usually higher than under other species (Crozier
and Boerner 1984; Gersper and Holowaychuk 1971). These studies also observed slhight
differences between soil charactenistics under beech compaied 1o red oak (Gersper and
Holowaychuk 1971) and 1ed maple (Crozier and Bocerner 1984) Boerner and Koslowski
(1989) suggest that the variation in soil properties at mictosites located under beech, white
ash and sugar maple was mainly caused by differences in stemflow. Ditferences in the
quality, the decomposition rate and the nutrient release of hter among the uee species
present on our site are suggested by other rescarch. For example, COte and Fyles (1993)

have grouped some hardwood species m terms of therr litter acid-base status and therr
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potential effect on soil acidification, and have suggested that paper birch and yellow birch
could have a bencficial effect on soil fertility compared to red oak, American beech and
red maple. Nutrient concentration in foliage litter of red maple, paper birch, yellow birch,
red oak and Amecrican beech (Coté and Fyles 1993) and American beech, striped maple
(Gocl and Fyles unpubl.) and hemlock (unpubl.) from the Morgan Arborctum showed
important differences, mainly clevated levels of base-cations in paper birch, yellow birch
and stripcd maple compared to the other species. In other studics, beech litter has been
shown to have a higher concentration of lignin and a slower decomposition ratc than red
maple and paper bitch (Melillo et al. 1982). Gosz et al. (1973) have also demonstrated
a slower decomposition rate in beech litter than in yellow birch litter. Red oak and
hemlock litter are also known to have a relatively high levels of lignin (Berg et al. 1984).
These studies, therefore, suggest that variation in litterfall among species could potentially
be related to the variation in the forest floor properties extracted in fraction ’al’.
Information 1s lacking, however, about the influence of fine root turnover and exudation
on soil fertility and we can only hypothesize that the different tree species present on the
study sitc may have a differential effect. A moie detailed examination of the ecological
relationships involved in fraction "al”’ is presented below.

Fraction a2’ (4.9 %) is the vanation in forest floor due to the effect of the three
microtopographical variables; slope, mound and depression. In general, the effect of
microtopography on soil propertics is a consequence of variability in litter decomposition
between mound and pits caused by different litter distribution and accumulation (Dwyer
and Merriam 1981), and soil moisture. Since miciotopography is usually created by
windthrow and wee decay (Beatty and Stone 1986) it can also be related to the
distutbance regime. Beatty (1984), Beatty and Stonc (1986), and Sauvesty et al (1993)
have obscerved differences in the properties of forest soil sampled from mounds and
depression. In my study, the importance of the microtopography in explaining the
variation in forest floor is relatively small. This is consistent with observations reported
by Messicr and Kimmins (1992) who found no ditierences between soil characteristics

on mound, depression and flat microsites. In the present study, however, the fact that
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extreme cases in microtopography were avoided when locating the sampling point at cach
microsite, may have reduced the importance of microtopography.

Fraction "a3’ (0.7 %) is the variation related to a confounded effect of tree species
influence and microtopography. It may be caused by a relasonship between the
occurrence of mounds and depression, and tree species, cither because difterent species
may react differcntly to disturbances creating a moic disturbed topogiaphy or because
some tree species will cstablish themselves more casily in distubed arcas (Ruel ef al
1988; McClure and Lee 1993) and by interacting processes in which hitter accumulation
and decomposition of different trec specics would he affected diffeiently by the
microtopographical status (Beatty 1984). This [raction docs, however contribute very httle
to the overall variation in forest tloor.

Fraction *bI’ (12.9 %) is the variation in forest [loor related to a contounded etiect
of tree species influence and spatial structure. Two hypotheses can be generated. First,
tree species are themselves spatially structured over the site as patches of ditferent tree
association are observed. This structure may be cither related to spaual structure of some
biological processes involved in patch formation or to the establishment of the ditferent
tree specics following spatial patterns of some abiotic conttolling Factors (parent material,
drainage) (c.f Frelich er al. 1993). Alternatively, these same spatally suuctured abouc
factors may have a independent cffect on forest floor propertics i which case the causal
relationship between tree specics influence and forest (Toor fertihity 1s impossible to verify.
The importance of this fraction, which represents a quarter of all the explained variation
in forest floor, confirms that spatial heterogencity was important over the study site (see
Chapter one). In fact, without considering this confounded cffeet, the interprctation of the
tree species effect on forest floor would have heen bhiased.

Fraction "2’ (1.4 %) is the variation in the forest floor 1elated to a conlounded
effect of spatial structure and microtopography. This suggests that the presence of
mounds, depressions and slope is spatially structured over the site. This could be hnked
to differences in disturbances over the site as some arcas may be more susceptible 1o

windthrow and tree fall because of some characteristics of the forest stand (eg. protection
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from the wind, type of humus). Alternatively the confounded effect of microtopography
and spatial structure could be linked to human disturbances because the forest of the study
arca has been managed as a farm woodlot in the past. The forest floor data, however, is
not greatly affected by this fraction.

Fraction *h3’ (-0.4 %) is the variation in the forest floor related to a confounded
cffect of vee species influence, microtopography, and spatial structure. Based on the
hypotheses mentioned above in the explanation of the other confounded effects, this
fracuon could be linked 10 a relationship between microtopography and  spatially
structured wee species or Lo spatial structure in disturbance regime affecting both tree
species and mictotopography. For my data sct this fraction is ncgative, suggesting
multicollincanty between some variables that have an opposite cffect on forest floor but
that belong to different explanatory groups. As a consequence, the responsc variable is
best explamed when the masking cffect of the other group is removed as a covariable,
meaning that the confounded effect will be, in fact, negative.

Fracuon "¢’ (17.1 %) is the variation related to spatial structure alone. This
variation could be hinked o unmeasured spatially structured factors and is discussed in
detail m Chapter one.

Fraction "’ (47.4 %) or the unexplained {raction is the variation not explained by
the model. Again, we refer o chapter one for further discussion on this {raction.

In summary, the first step of this study has allowed me 10 isolate the effect of tree
species alone from the confounded cffect of spatially structured factors. Essentially, this
process consisted in separating the tree specics and microtopographical fractions that were

combined in the '@’ fraction of chapter one.

The relative importance of the tree species effect on single forest floor variables.

The total vanation explained in the forest floor data as a whole that is computed
by RDA can also be thought of as the average of the variation explained for each

individual forest floor variable. It was thus possible to look at the forest floor variables
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that contribute the most to the explained variation extracted in the difterent fractions ol
Figure 1 and, at the same time, cxamine the relative influence ol tree species,
microtopography or spatial structure for cach of the different forest floor vanables The
procedure described in Table 1 was therefore uscd for cach variable, although cach RDA
was thus simply a multiple regression analysis.

Table 2 illustrates the variation of cach toiest tloor vanable explamed by the
different fractions and the relative importance of cach fiaction expiessed as a pereentage
of the total variation explained for cach vartable. The total vanation eaplained varied from
75.9 % for total N to 36.1 % for NH,". The relative importance of the tree speeies
fraction *al’ is, however, more important for NH," as it represents 547 % ol its variation
explaincd, compared with 13.5 % for total N. In fact the vanation explaned m total N
is mostly fonnd in the spatially structured fractions b1 and "¢’ Magnesium (Mg), €O,
and pH are in a situation similar (o total N where over 70 % of their variation explamed
is spatially structured. Phosphorus is the vartable the most atfected by microtopography
The total and cxtractable calcium are clearly the forest Noor variables that are the most
influenced by tree specics alone. Over 85 % of the vaunation in calcium s iclated to tee
species effect which is conscquent with other studics that demonstrated that calcrum was
one the variables that vaiics the most under diffetent tree species (eg. Young 1981, Xiao
et al. 1991). Tree species influcnce was also important for extractable Mg and extractable
K.

In summary, the results shown in Table 2 illustrate that the different forest toor
variables arc not cqually influcnced by tree specics, microtopogiaphy or spatially
structured factors, indicating that the mechanisms and processes mvolved in the conuol
of these variablcs differ substantially. Although the objective of this study was (o examine
the variation in the forest floor data taken as a whole, the 1esults obtamed i this section
can generate useful information about the contnbution of the diftferent forest floos

propertics (o the characterization of forest soil fertility.
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Ecological relationships between forest floor variables and tree species influence.

The final step of this analysis was to study the ecological relationships between
forest floor vanables and the influence of the different tree specics by focusing on
fraction "a/’, the variation in forest floor data cxplained by the principal canonical axes
of the RDA 4 of Table 1.

In this RDA , the first axis , which is chosen (o minimize the total sum of squares
in forest floor data, is constrained to be a lincar combination of the tree species variables.
In other words, the first axis represents the lincar combination of trec specics variables
that best explain the variation 1n the forest floor data. The second axis is derived from the
variation remaining after fitting the values of the estimates of microsite scorcs obtained
with the lcast square regression used to find axis one. The second axis is made orthogonal
with the lirst axis. Subscquent axes are derived following the same procedure. All axes
arc centred and standardized so the microsite scores have a mean of zero and variation
of onc. RDA is also interpreted as a Principal Component Analysis on the estimates of
the multiple regression of the trec species variables on each forest floor variable
(Legendre 1993). Each canonical axis explains a certain fraction of the 16 % explained
by tree species alone and can be represented in an ordination graph. The forest floor and
tree species variables can be displayed on the ordination by plotting arrows. The
coordinales of the arrow heads of each variables are the weighted sum of the microsite
scores. Angles between arrows (and axes) represent correlation between variables and can
be interpreted as follows; acute angle = positive correlation, obtuse angle = negative
correlation, and night angle = no correlation. The projection of an arrow on a canonical
axis indicates the extent of its relationship with the axis. The longer the arrow the more
confident one can be about the inferred relationship. For additional information on RDA
sce ter Braak (1987¢).

The first and second axes of Figure 2 represent 48 % and 25 % of the variation
in forest tloor that is explained by tree species alone. The first axis represents the main
source of varation in the forest floor data and is associated with a gradient in the level

of total and extractable calcium. Fagure 2 also suggests that this variation is related to an
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opposite effect of beech and hemlock, which are the most dominant tree species on the
site. Beech also has the strongest relationship with axis one, and s opposite angle with
calcium suggests that the negative cffect of beech on caleium may be the principal souree
of variation in the forest floor fertility of the study site. The Figuie 2 also dlustates that
forest floor is generally more acidic and less fertile under beech A combination off
different mechanisms may be responsible for the negative effect of beech. OF the toutieen
hardwood species analyzed by Coté and Fyles (1993) beeceh Hitter had the lowest calcum
concentration. Gosz et al. (1973) found that the pereentage of caleium was lower m beech
litter than in yellow birch litter. Consequently the cftect could be selated o o lower
concentration of calcium in the litter. High levels of hgmin and polyphenols found in
American beech (Melillo et al. 1982 ; Aber et al. 1990) and European beech (Kutters and
Denneman 1987) may complex with calcium and magnesium and crease leachimg of
these clements from the organic horizon (Davis 197 1). This clicct s supported by the tact
that beech growing on Mor humus that is low in fciuhty may produce more tannins
(Davis 1971). The acid-base status of beech hitter suggests that beeeh has potential Tor
acidifying forest soil (Coté and Fyles 1993). Lower pH caused by stemllow was also
obscrved under beech (Crozicr and Boerner 1984; Boerner and Koslowsky 1989). 'The fact
that the study sitc has relatively low concentrations of exchangeable cattons (Table 3)
indicates that soils may have a low buffering capacity (Johnson ef al. 1982) agamst the
acidifying effect of becech litter causing further depleuon of caleum (Fedeier et al 1989).

Although the correlation between hemlock and calcium is not as strong as lot
beech and calcium, Figure 2 suggests that hemlock may have a positive ellect on caleium
Except for Mergen and Malcolm (1955) who found one case where calcium was highet
under hemlock than under red pine, most studics have obscrved that hemlock was
associated with forest soils of low pH (Lodhi and Rucss 19%8) o1 low pHl and calcium
level (Beatty 1984; Bocttcher and Kalisz 1990; Gauch and Stone 1979) Lower ptl and
exchangeable cations in forest floor were also found under western hemlock compare to
western redeedar (Turner and Franz 1985). For some of these studics , howevet, the level
of pH and base cations measured under hemlock was higher than the highest values

obtained in my study (Table 3), indicating that these studies were conducted on more
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fertile sites. For example, in one of their study site, Bocticher and Kalisz (1990) obscrved
a mean value of 6.3 mg/g for calcium under hemlock relative to 10.4 mg/g under tulip
poplar, which is more than twice the amount measurcd on my study site (Table 3). The
positive effect of hemlock on calcium obscrved in this study has thus to be examined in
the context of a site of very low fertility co-dominated by beech. In other words, the data
suggest that on low fertility sites, hemlock is able to maintain a certain level of calcium
in forest floor relative to beech., These results also suggest that the ameliorating or
deterioratng quality of a particular tree specics may be related to the site fertility. Fyles
and Coé (1993), Perry et al. (1987) and Bocrner (1984b) have suggested that the nutrient
cycling of certain specics may vary as a function of the site conditions. In addition, the
fact that the forest floor thickness and bulk density were also related to the first axis
suggest that the differential effect of hemlock and beech have generated two relatively
different types of forest [loor over the study site. The thicker forest floor under hemlock
was also obscrved by Beatty (1984). The mechamsms involved in that differential cffect
between hemlock and beech growing on low fertility sites requires to be investigated in
more detail.

The other ecological relationship associated with the first axis of Figure 2 is the
positive corrclation between yellow birch and calcium. Based on the acid-base status of
its litter, yellow birch was considered as potentially beneficial for soil fertility (Cot¢ and
Fyles 1993). Gosz et al. (1973) and COté and Fyles (1993) have measured relatively high
levels of calcium m yellow birch foliage litter.

The variation in forest floor expressed by the second axis of Figure 2 is associated
with a general feruhty gradient, with all of the forest floor chemical and biological
variables related to the presence of red maple, paper birch, red oak, yellow birch and the
“other” tree species (sugar maple, amelanchier sp.). The presence of these tree species on
this low fertility beech-hemlock dominated site seems to have a general beneficial effect
on the overall fertility of the site.

A uend in the upper left quadrant of Fig.2 suggests that paper birch, red maple and
the "other’ tree species have a beneficial cffect on pH, total and extractable magnesium,

and phosphorus. Cot6 and Fyles (1993) have identified paper birch as a species that could
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potentially improve soil fertility on the basis of its acid basc status. Muller (1984)
reviewed the beneficial cffects of birch on soil fertility. On the other hand, the positive
effect of red maple on pH and magnesium scems in contradiction with the results from
Coté and Fyles (1993) who have wdentiticd red maple as a potentally acidifymg species.
This beneficial influence needs 1o be examined 1n the context of a sue that is donunated
by hemlock and beech, both known for their acidifying potential (Coté and Fyles 1993)
The red maple influence can thus be interpreted cither as a elative positive ot “less
negative’ effect on soil fertility compared to hemlock and beech, or as a benehical elfect
caused by a modification of its nutricnt cycling m ocder to adapt (o sites of very low
fertility. Boerner (1984b) has demonstrated that red maple can adjust us nutuient use
efficiency in order to adapt to sitcs of lower fertility. In additon, 1ed maple is 1ecogmized
for its ability to establish itself under a wide 1ange of cnvironmental conditions (Walters
and Yawney 1990), suggesting that red maple has the capacity to adapt to ditferent site
fertility conditions.

Another trend associated with the second axis in the upper right quadrant ol Yigure
2, is one involving a positive relationship between potassium and red oak. The posiive
corrclation between red oak and potassium was not reflected in results obtamed i other
rescarch (Challinor 1968; Lodhi 1977; Gersper and Holowaychuk 1971) or to potassium
concentrations found in oak litter from the Morgan Arborctum (Coté and Fyles 1993) The
relation between red oak and potassium may be linked to a slower decomposition ol red
oak litter caused by high lignin concentration (Aber er al. 1990) Young (1981) obscrved
that, although the soil potassium levels weie not different, the standing bromass of red
oak containcd 2.5 times more potassium than lip poplar, suggesting the ability of red
oak to extract potassium from the soil. Challinor (1968) has suggested that the high level
of potassium under Norway spruce was linked with the fact that fine roots distnbuted near
the surfacc were able to cycle and maintain potassium before it s leached. The present
data sct cannot verify, however, the relevancy of this hypothesis for 1ed oak and further
study is nccessary. A negative correlation between potassium and both stnped maple and
hemlock is also illustrated by their opposite angles (Fig. 2). The negative correlation

between striped maple and potassium may be linked to the fact that striped maple has a
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fast decomposition litter that could promote rapid leaching of potassium. Gocl and Fyles
(unpubl.) have found similar results in which forest floor potassium concentration was
signilicantly lower under than outside the canopy of striped maple. Finally, potassium is
negatively correlated with hemlock. Bocettcher and Kalisz (1990) obscrved that the
potassium concentration in forest floor was significantly lower under hemlock then tulip
poplar but only when herbs and ferns were present in the understorey of the trees. This
suggests a possible interaction of the tree and the herb layer effect on potassium cycling.
In other studies, hemlock dominated stands have been shown to support less understorey
and herbs than deciduous stands because of soil characteristics (Beatty 1984) or light and
allclopathic effects (Daubenmire 1930 cited by Beatty 1984). Since herbaceous litterfall
is known to have high concentration of potassium (Scott 1955 cited by Tappeiner and
Alm 1975), it is possible that the cffect of hemlock on the quantity and species
composition ol the herb layer may have had an indirect cffect on the potassium cycling.
Data relative to the understorey and the herb layer of the study site was not collected and
further analyses would be nceessary to verify the potential role of these layers in the
overall fertility of the site.

Mincralizable nitrogen (NH,") is also positively corrclated with red oak and
ncgatively correlated with hemlock and  striped maple (Fig. 2). The laboratory
mincralizable N method used in this study is an expression of the inherent quality of the
organic matter of the sampled forest floor and hence the effect of red oak, striped maple
and hemlock on mineralizable N may be related 1o the quality of the input of organic
matter as leaves and roots and also to the degree ol decomposition of the fermentation
and the humus layers. The relationship between litter quality, decomposition and nutrient
dynamics has been widely demonstrated (Aber and Melillo 19825 Aber et al. 1990:
McClaugherty er al. 1985). Lodhi (1977) measured large amounts of ammonium in the
upper mineral soil under red oak iclative to elm, sycamore, hackberry and white oak. On
the other hand, Lodhi and Ruess (1988) observed low ammonium in mineral soil under
red oak compared to hemlock, which is contradictory to our results. The results of Lodhi
(1977) and Lodhi and Rucss (1988), however, were obtained from measurements of

mincral soils and comparison with the results from the present study should be made with
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caution. The finding that mincralizable N in forest floor under a mixed beech-red oak
stand in the Morgan Arborctum was twice that under hemlock (Fyles unpubl), 1s
consistent with my results.

In summary, the dommating tree specics, beech and hemlock, have the greatest
influence on the overall forest floor fertility of the site. The differental influence of beech
and hcmlock on calcium is the principal source of variation wn the forest {loor
characteristics. The piesence of the other tree species has gencrally mmproved the Tettility
of the forest floor. Different hypothesis have been genctated o explain the ecological
relationships suggested by Figure 2.

The axes plotted in Figure 2 represented 73 % ol the vanation explamed m torest
floor data by tree specics influence. The remaming 27% 1s expressed by the subsequent
axes. The amount of variation extracted by the first four canonteal axes tor cach forest
floor variable is given in Table 4. The cumulative sum of all the axes 15 cqual to the
variation cxplained 1n the fraction a/” of Tablc 2. Table 4 shows that the tust and second
axes arc influenced by the variables that are the most explamned by the tice species.
Becausc the later axes are held in the context of the Tust axas extracted, it s possible that
some ccological processes of interest may be cither expressed m late axes or mote or less
divided over the different axes. For cxample, Table 4 iltustiates that the rcelatonship
involving total N, CO, or bulk density would be better repiesented by an ordmation ol
the third and fourth axes. If onc 1s particularly intetested morelatonships not well
explaincd by the first axes, Allen and Hockstra (1991) have proposed an approach usimg,
transformation of data matrix in order to move to the front some of the patterns formerly
relegated to late axes so as to express their ccological relavionship with more claity

Table 5 illustrates the intraset corrclations of the tree species vantables with the
fourth first axcs. The intrasct cortelations are the corrclations between the tice species
variables and the microsites scores that are lincar combination ol tree species vanables
(ter Braak 1986). Table 5 shows 1o what level different tee specics we associated with
the different axes. The relationship hetween the different tee species and the hist two
axes supports the results described in Figure 2. Fhe varation i the lorest floor data

explained by the third axis is mostly related to variation in total N and K, CO, and N1’
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(Table 4) and is associated with the opposite effect of two groups of tree species; red oak,
hemlock, yellow birch and paper birch on one side and red maple, the *other’ tree species,
beech and striped maple on the other. Red oak contributes the most to the effect of the
third axis with a corrclation of .56 The two opposing groups of tree specics correspond
relatively well to the association of tree specics observed 1n the ficld, suggesting that the
variation mn forest foor data extracted by the first axis may be related to an effect of uree
species association sather than the cumulative effect of the individual specics. The fourth
axis 15 assoctated with the presence of yellow birch and the “other’ tree specics (Table 5)
and with the varation of extractable K, CO,, and the physical properties (thickness, bulk

density) of forest floor (Table 4).

CONCLUSION

The results obtained in this study have demonstrated the ability of the RDA-
partitionng method to extract information about the role of different tree species on the
fertility of a mixed forest stand. The method was used as an exploratory tool to gencrate
hypotheses about the potental ecological relationships between the different tree species
and forest floor propertics. Many hypotheses generated by this study may have been
difficult to formulate with other methods and most require testing in further experiments
because, as this study emphasized, many of the ceological and physiological processes
involved n the relationship between the different tree species and their nutrient dynamics
are unhnown. Experiments that would examine the influence of a particular tree species
by ntegrating the 1ole of the stemflow, throughfall, livterfall, rhuizosphere dynamics and
other physiological processes are necessary in order to understand the role of the species
on the soil fertility of mixed stands. The influence of the initial site conditions on the
behaviout of certain tree specics also needs to be considered as potentially deteriorating
speeics on one site may prove beneficial on another site.

This rescarch has identified severai other experiments that could be developed from

the approach used in this study. First, the method could be adapted to study the stand
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level instead of the micrositc level in order to verify whether, by removing some of the
noisc in the data caused by the scale of the study, the effect of tees would be mowe
distinct. Studies working at the stand level may use the "usual’ basal arca measuement
(Grosenbaugh 1952) to determine the influence of uee species on the overall fettility of
different stands. Secondly, a method examming the mfluence ol different tee assoctations
instead of individual tree species may take in account potential interactions or contounded
effects between the influcnce of different tree species. Such @ study might use clusier
analysis to identify different assoctations of species and a disermmmnant analysis ot the
forest floor data with respect o these associations Thirdly, a study oxanminmg the
spatially structured factors influcncing the "b17 fiacuon (Fig 1) could be usctol
understanding the effect of imual site conditions on trce species behaviow Fmally, the
potential to develop a tice species influence index that 1s moie precise could be exanuned.
A parallel study (Nguyen Xuan unpubl.) conducted with hall the microsites demonstiated
that the weight of litterfall for cach microsite could be used as an megiated measurement
of tree specics influence instead of the tree index used mthis study RDATS using the two
indexes were compared and yiclded similar tesults and conclusions The advantage of the
litterfall index is that it would take less time then measuring tree diameter and distanee
from microsites.

The method has shown potential as a ool to study the 1ole oi trees i nixed forest
stands but it should be tested on other forests in order to evaluate s vahdity I effect,
this method should be used to examine the ecological relationships i forest stands with
relatively similar conditions (species composition, patent matenial, topography, clunate)
in order to compare the results with those obtwmed in my study ‘The appheation of this
approach to other forest types may also genetrate usetul hypotheses about the potential
role of the tree specics piesent on these stands. A hetter understanding ol tiee ctieet on
forest floor and soil propertics may be helptul in establishig better management pracuices

that would maintain or improve lectility of mixed forest stands
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Table 1. Variation explained in forest floor data with RDA’s and partial RDA'’s using
different combinations of explanatory variable matrices: trce species, microtopography,
and spatial structure captured by the polynomial equation. All RDA’s are significant at
the 0.05 level using the Monte Carlo permutation test.

RDA Explanatory covariables R?
variables
I tree species nonc 29.2 %
2 microtopography none 6.5 %
3 spatial none 31.0 %
4 tree species mic + spa 16.0 %
5 microtopography tree + spa 4.9 %
6 spatial tree + mic 17.1_ %
7 tree species spatial 16.7 %
8 . tree species microtopography 28.9 %
9 microtopography tree specics 6.2 %
- microtopography spatial 55%
1 spatial lrec specics 18.5 %
12 spatial microtopography 30.1 %
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Table 2. Variation of the forest floor variables explained by the different fractions and the
relative contribution (%) of each fraction to the total variation explained (in iralics).

al a2 a3 bl h2 b3 ¢ TOT.

N 10.2 23 -0.4 33.8 1.4 -1.1 29.06 75.9
13.5 3.0 -0.5 44.5 1.9 1.5 39.0 100

P 8.3 158 -0.1 4.0 0.9 -0.4 15.1 43.5
18.9 36.2 0.2 91 2.1 0.9 34.7 100

K 17.2 39 -0.5 2.7 49 -0.8 14.7 422
40.8 9.4 -1.2 6.5 116 18 48 100

Ca 31.5 2.0 3.2 19.1 -1.1 22 6.8 59.2
53.2 3.3 54 322 -1.9 3.7 114 100

Mg 10.2 2.7 0.8 33.6 -1.3 -1.8 20.3 64.5
15.8 4.1 1.3 52.1 220 27 315 100

ex. K 16.5 40 -2.1 6.9 2.5 0.4 31.2 59.5

27.8 6.8 -3.6 116 4.3 06 525 100

ex. Ca 37.0 1.1 2.7 14.3 -0.9 -1.7 6.0 58.5
63.2 19 4.5 24.5 -1.5 -29 10.3 100

ex. Mg 16.7 5.0 2.1 10.0 -2.2 -1.6 1.5 41.4
404 12.0 5.0 24.0 -5.2 -39 27.7 100

pH 8.1 0.9 0.7 204 0.8 0.0 19.1 49.9
16.2 L7 13 40.9 1.6 01 383 100

CO, 7.3 54 04 12.7 0.4 -1.1 16.5 40.7
17.8 133 -09 311 09 27 40.5 100

NH,* 19.7 7.5 1.1 0.5 1.7 -1.7 7.4 36.1
54.7 20.7 3.0 14 47 4.8 204 100

thic. 133 6.6 33 1.8 4.8 6.8 19.6 50.2
237 117 5.9 3.2 86 2.1 349 100

B.Dens 12.0 65 -19 8.0 5.4 0.3 25.1 55.5
217 11.7 -3.3 145 9.8 0.5 452 100

RDA 16.0 4.9 0.7 12.9 1.3 0.4 17.1 52.5

30.5 9.3 1.2 246 2.6 0.7 32.0 100




Table 3. Mcan and standard deviation of untransformed forest {loor variables before the
regression on ash content.

Variables Units Mecan Std.Dev
N mg/g 15.23 2.06
P mg/g 0.67 0.08
K mg/g 0.97 0.12
Ca mg/g 2.81 1.05
Mg mg/g 0.70 0.15
extr. K mg/g 0.41 0.10
extr. Ca mg/g 2.30 0.99
extr. Mg mg/g 0.34 0.09
pH - 3.91 0.19
CO, pg/g/h 38.57 7.96
NH,* ng/g 538.55 121.35
Thickness cm 5.67 2.07
Bulk density mg/cm? 112.81 30.82
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Table 4. Fraction of the variation of forest floor variables explained by tree species and
. extracted by the first four axcs.

AXIS
1 2 3 4 All axes

Eigenvalues 7.7 4.1 2.1 [.1 16.0

N 0.1 0.4 7.2 0.2 10.2
P 0.5 5.3 0.5 0.1 8.2
K 0.8 9.8 5.7 01 17.2
Ca 30.6 0.7 0.1 0.0 R P
Mg 0.2 7.3 2.0 0.2 10.2
extr. K 8.1 6.0 0.1 1.5 16.5
extr. Ca 36.2 0.5 0.1 0.0 37.0
extr. Mg 7.6 7.1 0.1 0.1 16.7
pH 1.7 3.9 1.4 0.2 8.1
Co, 0.7 0.1 3.6 2.0 7.3
. NH,} 4.5 8.7 5.6 0.1 19.7
THICKNESS 6.6 2.3 0.4 3.7 13.3
BULK DENSITY 2.6 0.8 0.1 5.6 12.0
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Table 5. Intrasct correlations between the trec species variables and the first four
‘ canonical axcs.

Axis
1 2 3 4
Hemlock -0.74 -0.21 0.35 0.11
Beech 0.87 -0.20 -0.25 0.08
Red maple -0.09 0.52 -0.39 0.19
Striped maple -0.24 -0.34 -0.23 0.12
Red oak 0.19 0.62 0.56 0.12
Paper birch -0.31 0.54 0.1t -0.13
Ycllow birch -0.37 0.07 0.17 0.55
Others -0.31 0.26 -0.35 0.36
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Figure 1. Fractions of the variation in forest floor

data explained by tree species, microtopography,
spatial structure and their confounded cffects.
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Figure 2. Biplot based on partial redundancy analysis of
forest floor variables with respect to tree species effect
after removing spatial structure and microtopography as

covariables. The first two axes represent respectively

48 9% and 25 % of the variation in forest floor explained

by tree species. The RDA was significant at the 0.01 le-
vel (Monte-Carlo permutation test).




CONCLUSION
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The objective of this study was to extract information about the role of different
tree species in a mixed-forest stand. The RDA-variation partitioning method was able to
isolate the effect of tree species on forest floor fertlity by taking in account the spatial
heterogencity that was detected with spatial corrclograms. The method adopted in this
study was uscd as an cxploratory tool to gencratc hypotheses about ecological
iclationships between tree specices and forest floor variables.

This study highlighted the fact that a lot of information is missing about the
influence of specilic tree species on soil fertility and the mechanisms by which they affect
soil propertics. Studics examinmg the cffect of a particular species by integrating
processes such as the stemflow and throughfall, aboveground litter decomposition and
activittes of the rhizosphere may be necessary in order to get a better understanding of
the tree-soil relationship. More information concerning processes and mechanisms taking
place in the rhizosphere is very important since a major part of the trees effect on soil
fertility may occur at that level. The results of this study also suggest that tree species
may bchave differently on sites that differ in fertility.

In order to evaluate the method proposed in this study, three independent aspects
nced to be considered; the multivariate approach (RDA), the incorporation of spatial
structure in a variation partitioning model, and the scale of the study (microsites).

First, the advantage of the multivariate approach is that, by considering forest floor
fertility as a complex censemble of interacting variables, it is possible to get a better
insight into the main patterns occurring over the entire study site. Multivariate analysis
can also be uscd to put mformation obtained from univariate analysis in a more global
context. There are very few studics, however, that have used direct gradient anlaysis with
soil data and turther studics are required to assess the ability of these techniques to extract
usctul information about the relationship between soil fertility and environmental factors.

Sccondly, this study demonstrated the importance of considering spatial structure
when studying ccological data. The incorporation of spatial struclure in a variation
partitioning model has recently been developed for studies dealing with ecological

communitics and although results obtained from this study suggest that this approach may
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be applicable to soil data, further studies are required in order to asses the abilty of trend
surface analysis to detect ccologically meaningtul spatial patteins i soils.

Finally, this study was similar to single-tree studies working at the microsite evel
with the difference that microsites were under the intluencee ol mote than one tree at a
time. By locating many microsites over the site it was also possible (o have an msight
processes occurting at the site level. The inconvenienee, howcevet, 1s that nucrosite studies
are susceptible to local variation that can give noisy data.

In summary, the method used in this study proposed an approach that auns al
integrating processes taking place in relatively complex and heterogencous ecosystems,
Its purpose is primarily to cxplore complex data sets and (o gencrate hypotheses that
would otherwise be very difficult to obtain. The results obtained wm tus study
demonstrated that the RDA-variation partitioning model has the potential o hecome a

useful tool in the study trees influence on soil fertility.
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