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ABSTRACT

A plant growth form-soil fertility pattern is described from the
Sierra Madre Occidental, Sonora, Mexico.

Evergreen oak woodland occurs

on acid, nutrient-poor soil derived from hydrothermally altered rock,
while subtropical deciduous forest occurs on circumneutral, nutrientrich soil derived from unaltered rock.

The soil-based pattern is embedded

in an elevational gradient from deciduous forest at low elevations to
evergreen oak woodland at higher elevations, where it occurs on both
soil types.
Quantitative vegetation samples from along the elevational gra
dient were classified into deciduous forest or oak woodland types based on a
Wisconsin indirect ordination.

The two groups are floristically distinct

and the deciduous forest has significantly higher plant density and more
species present.
Two alternative models were proposed to explain the association
of evergreen plants with nutrient-poor soils.
based on costs and benefits of leaf longevity:

The competition model is
evergreen plants have a

higher mineral use efficiency but pay for this efficiency by "expensive"
leaves and slow growth.

Hence, when nutrients are not limiting, they are

outcompeted by rapidly growing deciduous plants.

This model could

account for the many examples of the association of evergreen plants in
other climatic regimes as well.

The abiotic model is based on the eco

logical affinities of the particular plants present in the Sierra Madre
x

and does not account for similar patterns elsewhere.

Several reasons

are proposed for the restriction of evergreen oaks to acid soils in
this region:

nutrient toxicity, insufficient moisture on nutrient-

rich soils, poor conditions for symbiotic mycorrhizae, and pathogens
found only on nutrient-rich soils.

The two models differ in their pre

dictions about evergreen seedling growth and survival on nutrient-rich
soil:

the competition model predicts good growth and survival only in

the absence of competition and the abiotic model predicts no growth and
survival regardless of competitive regime.

Both models assume that deci

duous plants are not found on acid soils due to nutrient limitation.
Field experiments were carried out in the Sierra Madre to test
these predictions, using Lysiloma divaricata as representative of the
deciduous species and Quercus albocincta as representative of the ever
green species.

In the oak woodland, nutrient availability was increased

by raising the pH of the acid soil with calcium carbonate to test the
assumption that deciduous plants are limited by nutrient availability
and to test the nutrient toxicity hypothesis for evergreen plants.

As

expected, Lysiloma (deciduous) survived only in plots with calcium
carbonate.

Quercus (evergreen) showed no significant response to cal

cium carbonate, thus eliminating the nutrient toxicity hypothesis.

In

the deciduous forest, competition was reduced by removing all combina
tions of three structural components:
roots of canopy trees.
the complete removal.

herbaceous plants, shrubs and

Survival and growth of Lysiloma was highest in
No plants survived in the control and only one

seedling survived with removal of only one vegetation component.

Intermediate survival and growth occurred on the two-components-removed
treatments.

As predicted by the competition model, Quercus seedlings

survived only with total removal of competing vegetation and was taller
on the nutrient-rich soil than on its own acid soil.

However, seed

predation by granivorous rodents resulted in very low germination rates
of evergreen seedlings.

The effect of predation was incorporated into

the competition model by assuming rodent densities are higher in deci
duous vegetation due to protection from their predators by the dense
cover and that evergreen seeds tend to be larger than deciduous seeds
and so are more attractive to granivores.

This hypothesis remains to be

tested.
The competition model, rather than any of the abiotic models, is
supported by the field experimental results.

However, experiments con

trolling for the effect of seed predation need to be performed before
any definitive conclusions can be drawn.

In addition, the applicability

of the competition model, with or without predation effects, to other
evergreen-deciduous patterns needs to be tested before generality of the
model can be claimed.

CHAPTER 1

DISTRIBUTION OF EVERGREEN AND DECIDUOUS TREES IN THE
SIERRA MADRE RELATIVE TO SOIL TYPE AND TWO MODELS

Introduction
Examples of morphological and physiological convergence of
unrelated taxa in similar environments are often used as evidence for
natural selection (Kusnezov, 1956; Karr and James, 1975; Pianka, 1975;
Mares, 1976; Mooney, 1977).

One widespread example of convergence in

plants is the occurrence of evergreen sclerophylly on nutrient-poor
soils in regions where the dominant growth form on relatively rich soils
is deciduous (Beadle, 1965, 1966; Monk, 1966; Webb, 1968; Specht, 1969;
Janzen, 1974).

Examples include disjunct populations of ponderosa pine

on hydrothermally altered rock in the Great Basin (Billings, 1950;
Salisbury, 1964), myrtaceous species on nutrient-poor sands in Borneo
and Malaysia (reviewed by Whitmore, 1975), pines on sandy soil in the
northeastern U. S. (Harshberger, 1916) and sclerophyllous shrubs on
serpentine soils in the northwestern U. S. (Whittaker, 1954).

The

diversity of causes of low nutrient availability suggests that evergreen
sclerophylly is correlated with deficiencies or abnormalities in mineral
nutrition in general and not with the deficiency of any particular
nutrient.
In the present study I consider yet another example of this pat
tern and examine its possible origins.
1

The Sierra Madre in northwestern

2

Mexico offers a potentially rewarding area to examine the association
of evergreen plants with low-nutrient conditions.

In this region

the edaphically based vegetation pattern is embedded in an elevational
gradient from the deciduous type at low elevations to the evergreen
type at higher elevations.

This chapter characterizes the pattern

of vegetation and soils and presents two alternative models to account
for it.

Chapter 2 contains results of field experiments with tree

seedlings testing predictions from the several models.

Chapter 3 con

tains a summary of results and general conclusions.

The System
The area studied was on the Pacific slopes of the Sierra Madre
Occidental in central Sonora, Mexico (Figure 1).

Between the elevations

of 600 and 1,100 m, the vegetation changes from subtropical drought deci
duous forest to montane evergreen oak woodland (Gentry, 1942).

Gentry

termed these montane oaks drought deciduous since they lose their
leaves for the last two months or so of the dry season (May and June);
however, their leaves are maintained for 10 months, compared to 4 months
for the subtropical deciduous species.

This portion of the vegetation

gradient has two unusual characteristics.

First, the two community types

appear to be quite distinct (Figure 2), unlike most elevational vegetation
gradients in more temperate zone mountains (see Whittaker, 1973, for a
review).

Second, the lowest elevational appearance of the montane oak

species is in distinct patches of oak woodland found on open hillsides
where the parent material is hydrothermally altered rock.

Deciduous

3

%Tucson

KM

Figure 1.

100

Guoymas

Map showing location of the study area (arrow).

Figure 2.

Photograph of evergreen oak woodland and deciduous forest mosaic. —
The area is 4.3 km southwest of Santa Ana de Yecora, Sonora, Mexico
at 760 m in elevation. The photograph faces north and was taken in
November after leaf fall in the deciduous forest.
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forest occurs on unaltered volcanic rock, which covers a majority
of the area.

Again, this is unlike the pattern observed for

higher elevation species in semi-arid mountain ranges (e. g., Shreve,
1915; Daubenmire, 1943; Whittaker and Niering, 1965). Typically, the
pattern is that high elevation species reach their lowest elevational
limit in canyon bottoms or on north-facing slopes.
The altered and unaltered rocks produce soils which differ sig
nificantly in pH.

As has been shown in other mountain ranges (Billings,

1950; Salisbury, 1964), soil derived from hydrothermally altered rock is
quite acid, having a pH from 3.5 to 4.5.

The acidity is thought to be

due to weathering of sulfide compounds produced during the alteration
process (Salisbury, 1954).

The soil from unaltered rock is only mildly

acid, ranging from 5.0 to 6.5.
Soil pH is well known to greatly influence availability of plant
nutrients (e. g., Black, 1968).

Under highly acid conditions, most phos

phate is bound in forms unavailable to plants, and nitrogen-fixing and
nitrifying bacteria are strongly inhibited.

Exchangeable cations are

largely displaced from exchange sites by hydrogen and aluminum ions, and
hence are easily leached.

On the other hand, micronutrients such as

iron and manganese increase in availability and often reach toxic levels.
Aluminum also tends to increase in acid soils and become toxic.

Under

highly basic conditions availability of phosphates, in particular, may
again decrease.

However, since no basic soils occur in this region, soil

pH can be used in this system as a monotonic index of relative nutrient
availability (Billings, 1950; Salisbury, 1954).

6

Methods
In 1976, thirteen .02-hectare plots were sampled along a gradient
from 400 to 1,400 meters in elevation in southcentral Sonora (Figure 1).
Plots were in homogeneous stands of vegetation on north-facing slopes
with inclinations ranging from 15° to 35°.

The highly dissected terrain

and extensive human disturbance (fields and grazing) made it impossible
to maintain homogeneity within the more standard .10-hectare plots
(Whittaker, 1973).

Only woody plants were censused.

by species in the entire plot.

Plants were counted

Plant coverage was determined as distance

covered along three 10-m line transects in each plot.

Basal area of

all plants was measured within three 2 x 10 m belts in each plot.

Rela

tive values were calculated as percentages of the total for all species.
Relative importance values (RIV) were calculated for each species as
(relative basal area + relative density + relative coverage)/3, and the
arcsin transformation (Sokal and Rohlf, 1973) was applied before analysis.
Species were classified as deciduous or evergreen based on descriptions
in Shreve and Wiggins (1964), Gentry (1942) or on personal observations
over a four-year period.

For each plot, RIV of all deciduous and ever

green plants were calculated.

To compare floristic composition among

plots, percent similarity (PS) was calculated as 1 - .5E|x^ - y |, where
x^ is the RIV of the ith genus in plot x and y^ in plot y (Goodall,
1973).
Soil samples and representative rock samples were collected at
depths of 0-5 cm and 10-20 cm in each plot.

Soil analyses were performed

on composites of 3 collections per plot which were mixed prior to

7

analysis.

Soil pH (1:1 water to soil) and texture (hydrometer method,

Bouyoucous, 1930) were determined for each sample.

Results
The sample plots are listed in Table 1 along with several envi
ronmental and structural parameters.

Although all sample plots were

located on open, north-facing moderately steep slopes, they varied from
0 to 95 percent evergreen RIV and ranged over two orders of magnitude
in total density and number of species per plot.

This range of variation

encompasses that found on other aspects within the region studied (per
sonal observation).

Compared to soil type, at any given elevation,

exposure, slope inclination, and aspect play minor roles in determining
vegetation structure within the region.

Accordingly, the remainder of

this chapter will focus on effects of soil and elevation.
Over the 350 m elevation gradient, nutrient availability (indi
cated by soil pH) appears to be more important than climatic factors
(indicated by elevation) in determining vegetation structure and floristic
composition.

Relative importance value of evergreen species is highly

significantly negatively correlated with soil pH (r = -.78; d.f. = 9,
p < .001; Figure 3) but is not significantly correlated with either
elevation (r = .39) or texture (r = .01 and .27 for percent clay and
sand, respectively). Floristic relationships among the plots show the
same pattern:

percent similarity (PS) between pairs of plots is signi

ficantly negatively correlated with difference in pH between pairs of
plots but not with difference in elevation (T = -.187, p < .05 and

List of .02-hectare sample plots.— Plots 9 and 10 were above and below,
respectively, the range of elevation of overlap between the two community
types and were not included in the analysis.

Elevation (m)

Soil pH

Soil Texture Class

Aspect

Slope

Evergreen RIV (%)

1

802

5.8

Sandy loam

0

28°

0

4

772

4.25

Loam

0

29°

93

5

909

4.3

Loam

0

25°

68

6

1,030

5.95

Loam

12°

28°

59

7

1,098

4.45

Sandy loam

12°

27°

95

8

1,035

5.3

Loam

0

31°

63

9

1,360

4.65

Loam

361°

31°

91

10

457

6.1

Loam

350°

36°

0

11

753

4.3

Sandy loam

0

13°

92

12

734

5.05

Sandy loam

355°

16°

16

13

991

6.1

Sandy loam

0

22°

17

14

758

5.65

Sandy loam

0

27°

0

15

633

6.1

Loam

10°

29°

3
oo

>

so

ar

c
a>
a>

60--

o»

40--

a>
l3

20--

4.0

4.5

5.0

5.5

6.0

6.5

Soil pH (10 -20 cm. depth)
Figure 3.

The relationship between evergreen relative importance value (RIV) and soil pH.
— The numbers are the plot numbers referred to in Table 1. A regression was
performed after an arcsin transformation of the RIV values. The equation is
RIV = - 29.90 (pH) + 196.06, r = -.78, d.f. = 9, p < .001.

VO
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T = -.117, p > .05, respectively; Kendall's rank correlation test,
Siegal, 1956).

An examination of Figure 3 shows that the two plots

intermediate in evergreen RIV (plots 6, 8) are also relatively high in
pH and high in elevation.

In a stepwise multiple regression elevation

explains a significant amount of the residual variance in evergreen RIV
after soil pH (Table 2).

This result suggests there may be an upward

shift in apparent pH range of the evergreen species with increasing
elevation.

To examine this possible interaction further, a number of

additional soil samples were taken from homogeneous stands of vegetation
distributed throughout the elevational gradient.

Before taking the

samples, these stands were judged in the field as being either deciduous
or evergreen types.

The values of pH and elevation for the evergreen

woodland samples only are illustrated in Figure 4.

The samples were

divided into high (890 to 1,150 m) and low (690 to 810 m) elevation
sites and the variance in soil pH for each group of sites was calculated.
Evergreen woodland samples at high elevations occurred over a wider
range of soil pH than at lower elevations.

An F test showed the vari

ances were significantly different (F = 9.813, p < .01).

The mean soil

pH in the two groups of samples were not significantly different (approxi
mate t-test, Sokal and Rohlf, 1973, pp. 374-375).

No equivalent change

in soil pH with elevation was found in deciduous forest samples.
In order to compare structural attributes between the deciduous
forest and evergreen woodland vegetation types, the plots were categor
ized into two vegetation types on the basis of a Wisconsin indirect
ordination (Cottam, Goff, and Whittaker, 1973; Figure 5).

Samples are

Table 2.

Evergreen relative importance value as a function of several
environmental variables. — The results are given from the
stepwise multiple regression equation with the highest significance
level. Percent clay and sand and slope did not contribute
significantly to explaining the variance in evergreen RIV.

jr-nn ,
Order
of Envxronmental
Entry
Variable

Cumulative Statistics- - ^
Multiple r
F
Significance

Coefficients in Final Equation
Coefficient

Significance

***

Soil pH

.61

14.141

**

30.53

Elevation

.80

16.050

**

.83

*

p < .05

**

p < .01

*** p < .001

QL

7.0 t

F= 9.813

CD

p < .005

6.5-

S high

Sf

tow

QL

•

= .083
'

5.0X

814

r

6.0--

5.5 -

"

4.5-%

4.03.5
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-H

700

800

900

1000

MOO

ELEVATION (meters)
4.

Soil pH of evergreen oak woodland sites at low and high elevations. —
The F value is the ratio of the variance (s^) of high- to low-elevation
sites and has 6 and 9 degrees of freedom.

1200
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100 t

• I 633 - 802
ph 5.05 - 6.1
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10
H
O
_l
a

60

x

a.

O
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20--

a
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0
ADJUSTED

20

40

60

DISTANCE BETWEEN LOWEST AND
ELEVATION

Figure 5.

60

100
HIGHEST

PLOTS

Wisconsin indirect ordination of eleven .02-hectare vegetation
samples. — The numbers are the plot numbers referred to in
Table 1. The endpoints of the abscissa are plots 15 and 7
(extremes in elevation); and of the ordinate are plots 5 and
13 (extremes in soil pH). Distance of each plot on each axis
was calculated as (L^ +
- d|/2L where
= 100 percent
similarity of plot with first endpoint; D2 = 100 percent simi
larity of plot with the second endpoint, and L = 100 percent
similarity of endpoints with each other or total length of
axis. Points close together represent plots with high percent
similarity (high floristic overlap). For the two groups desig
nated on the ordination, el represents range of elevation
values and pH represents range of pH values within the group.
Group I represents evergreen oak woodland and Group II, deci
duous forest.

arranged in this ordination based solely on percent similarity in floristic composition, using the two plots with extreme elevation values to
establish the abscissa and the two plots with extreme soil pH values to
determine the ordinate.

Ideally distance between samples on the graph

represents euclidian distance and hence PS between the samples; how
ever, restricting the ordination to two dimensions somewhat distorts
the relationships among plots.

Nonetheless, two obvious groups (label

led I and II) and three outlying samples are apparent in Figure 5.
The mean PS of each outlying plot with all the plots in each group was
calculated and the plot assigned to the group with the higher mean value.
Plots 6 and 8 (high elevation oak woodland, see Table 1) were assigned
to Group I and plot 13 (high elevation deciduous forest, see Table 1)
to Group II.

Group I corresponds to evergreen oak woodland and Group II

to deciduous forest.

The validity of the arbitrarily defined groups was

checked by a comparison of mean PS values within and between the two
groups.

The within-group comparisons have significantly higher PS

values than between group comparisons (36 percent versus 21 percent;
X

2

= 12.616; p < .002 by Kruskal-Wallis test on rankings of values,

Siegal, 1956).
The clusters are useful in that they allow a classification of
the plots to be made on the basis of floristics.

The data are suggestive

but not sufficient in themselves to show that two discrete communities
(Whittaker, 1967) exist outside the context of this sample set, since
the sample sites were chosen for their homogeneity and accessibility and
were not taken at either random or regular intervals (but see Figure 2).
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In addition, none of the sample plots had pH values between 4.5 and 5.0
which is where mixed growth form vegetation samples should be found
according to the regression shown in Figure 3.

The absence of samples

in this pH range, however, may reflect the rare occurrence of such soils.
Another way of looking at the problem of discreteness of commu
nities is to take transects of vegetation and soils from patches of one
community type into the other type.
30 long were established.

Five belt transects 2 m wide by

Species coverage and density and soil pH

were measured in 2-m plots along the transect.

The transition from

nearly 100 percent evergreen coverage to 100 percent deciduous cover
age can take place in as little as 2 meters or can take up to 18
meters (Figure 6).

The interesting point is that when the transition

is abrupt it is much more so than the change in soil pH along the same
transect.

I suggest that the change from deciduous to evergreen

vegetation is more abrupt than can be accounted for by environ
mental change.

This suggestion, its consequence of discrete communities

and the mechanisms maintaining abrupt boundaries are left here as open
questions.
Table 3 shows the structural homogeneity of the groups derived
from the ordination and some environmental characteristics.

Evergreen

RIV is obviously related to floristic composition so it is no surprise
that this parameter is significantly different between groups.
However, total density, shrub density, species richness and soil pH
are not necessarily related to floristic composition and these parameters
are all significantly higher in deciduous forest than in evergreen oak
woodland.

Differences between the two community types not measured
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Transects across boundaries between patches of evergreen oak
woodland and deciduous forest. — Percent evergreen coverage
is the percent distance along the transect line in each 2meter segment of the transect. Plant density was not used
because evergreen oak density is so low that there are no
plants rooted in most of the 2-meter segments. The two
transects shown are the most and least abrupt transitions
found between evergreen and deciduous vegetation.

Table 3. Structural and environmental attributes of oak woodland and deciduous forest
plots. — The vegetation types are defined in Figure 5. Evergreen RIV was
subjected to an arcsin transformation; total density, shrub density and
number of species were subjected to a logarithmic transformation. Data are
means + 95 percent confidence intervals.

Deciduous Forest
Evergreen Oak
(n = 5)
t(d.f. = 9)
Woodland (n = 6)

Parameter

Significance Level

Structural
Evergreen RIV

80.69 + 14.22
20.46

Total density of
woody plants/.02 ha

67.6

+ 81.1
36.9

Density of shrubs/
.02 ha

25.3

+ 96.1
20.0

Number of woody
plant species/.02 ha

11.6

+

9.3
5.2

7.06

***

290.6 + 203.4
- 119.7

3.50

**

231.7 + 231.7
- 115.9

2.92

*

2.42

*

2.70

*

1.76

ns

.35

ns

4.03 + 12.00
4.02

24.2 +

23.2
8.1

Environmental
4.75 +

Soil pH
Elevation (m)
Percent clay

* p < .05

933
15.6

** p < .01

.74

+ 153
+

5.5

*** p < .001

5.74
784

* 54

±
+ 163

14.3 +

8.6

ns = not significant
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quantitatively but observed in the field include greater herbaceous
ground cover in the deciduous forest during the summer rainy season and,
as a result of the low tree density in the oak woodland, more open
spaces between canopies of oak trees.
To summarize, these data suggest three conclusions:
1.

Evergreen importance in vegetation samples is negatively cor
related with soil pH of the samples and, hence, with nutrient
availability.

2.

Evergreen oak woodland is less restricted to acid substrates
and can occur on soils with a wider range of pH values as ele
vation increases.

3.

Evergreen and deciduous vegetation types can be regarded as
fairly discrete both floristically and physiognomically,
especially at lower elevations along the gradient.

Discussion
These data can be approached from two points of view:

as a

local pattern calling for an ad hoc explanation based on the ecological
affinities and requirements of the particular species and soil types
present, or as one example of a general pattern of association of ever
green plants with nutrient-poor soils.

The general explanation gives a

set of included niche relationships and states that evergreens are
eliminated from nutrient-rich soils by competition.

The ad hoc local

explanations all give a set of only partially overlapping niches and
state that the evergreen species are eliminated from nutrient-rich
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soils by one of several possible abiotic factors.

The more general

explanations will be discussed first and then some alternative "local"
explanations will be considered.

General Considerations
Two hypotheses have been suggested regarding the association of
evergreen plants with nutrient-poor soils:

1) tighter mineral cycling

of evergreen communities than deciduous communities; and 2) higher
mineral use efficiency of individual evergreen plants than deciduous
plants.

Monk (1966) has suggested that year-round leaf fall and produc

tion would result in tighter mineral cycling in evergreen communities,
because minerals tend to be retained in plants rather than the soil.
This should lessen loss of nutrients from the system by leaching.

Al

though this sort of conservation seems to occur in some systems (Monk,
1971; Thomas and Grigal, 1976), the mechanism would not apply in the
Sierra Madre.

The "evergreen" oaks in the Sierra Madre all lose their

leaves at approximately the same time and put out new leaves with the
deciduous species or at just prior to the beginning of the summer rains,
so that there is still a period when minerals are concentrated in litter
rather than in plants.

In fact, on the steep slopes characteristic of

both community types, most oak leaf litter collects in the deciduous
forest where there is more undergrowth to catch it.

A second, and more

critical problem with this hypothesis is that it does not explain why
evergreen plants are restricted to nutrient-poor soils within climatic
zones where the dominant vegetation on nutrient-rich soils is deciduous.
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The second general hypothesis concerns mineral use efficiency
of individual evergreen plants.

Small (1972) and Schlesinger and Chabot

(1977) have argued that the major advantage of the evergreen habit in
nutrient-poor soils is greater mineral use efficiency.

More photosyn-

thate can be accumulated per unit of nutrient used in leaf construction.
Small (1972) has presented data verifying this increased efficiency for
nitrogen in evergreen versus deciduous bog species. Thus , when nutrients are
limiting, evergreen plants should have higher productivity than deciduous
species, providing at least some photosynthesis is possible during the
season when deciduous plants are leafless (Miller and Stoner, 1979) or
that leaves are kept for more than one year (see data in Chapin, Johnson,
and McKendrick, 1980).
On the other hand, the evergreen habit can be costly, so deci
duous species may be favored when nutrient availability is high.

Saeki

and Nomoto (1958), Mooney and Dunn (1970) and Small (1972) have shown
that sclerophyllous evergreen leaves have smaller surface area to dry
weight ratios (i.e., more carbon invested per unit of photosynthetic
surface area) than deciduous leaves.

This is presumably due to the

requirement of evergreen leaves for greater mechanical strength to
withstand harsh environmental conditions, to restrict water loss in
dry seasons and to deter herbivores (Mooney and Dunn, 1970; Janzen,
1974).

In concurrence with these results, Johnson and Tieszen (1976)

and Schulze, Fuchs, and Fuchs (1977) have found lower photosynthetic
rates of evergreen species on a dry weight basis, and Harrison, Small,
and Mooney (1971) and Hellmuth (1971) found lower photosynthetic rates
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on a surface area basis for evergreen leaves (see also Mooney and Gulman,
1979).

Harrison et al. (1971) attribute these low rates of carbon fixa

tion to thicker cuticles, which decrease transpiration rates during dry
periods but also increase resistance to CC^ exchange, and to compaction
of leaves for greater mechanical strength, which increases mesophyll
resistance to gas exchange.
must pay another cost:

Janzen (1974) has argued that evergreens

they must invest more than deciduous species

in biochemical defenses against herbivores because their leaves are
more apparent (Feeny, 1976), and it must cost both relatively and abso
lutely more to replace leaf tissue.

Another cost to evergreen plants

comes from their type of mycorrhizal association.

Evergreen plants tend

to have ectotrophic mycorrhizae, which are more effective at taking up
nutrients from the soil and passing them along to the host, but are also
more energetically costly for the plant to maintain.

Deciduous species

tend to have "cheaper" but less efficient endotrophic mycorrhizae
(Malloch, Pirozynski, and Raven, 1979).
Although more physiological work is necessary to quantify all
these costs and benefits for a variety of species, the data are suffi
cient to generalize that under high-nutrient conditions evergreen plants
grow more slowly than deciduous plants and should lose in competition. Slow
growth implies slow uptake of resources such as water and nutrients and
thus we might expect evergreens to be at a competitive disadvantage in
resource acquisition under productive conditions (Grime, 1977).

This

slow maximum growth rate would be especially important in the first few
seasons after germination when tree seedlings are competing with rapidly
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growing herbaceous vegetation.

In the Sierra Madre, at least, herbaceous

plants are much less dense in nutrient-poor soils, presumably because
they are just extreme versions of the deciduous habit.

As shown in

Table 3, tree and shrub densities are also much lower on nutrient-poor
soils and the canopy is more open.

Hence, competition from the entire

community is much more intense on nutrient-rich soils.

The point here

is that deciduous seedlings can cope with this intense diffuse competi
tion better than can evergreen seedlings and thus have a higher proba
bility of establishment under competitive conditions.

Although it also

follows from the arguments presented on growth rate that a deciduous
tree should gain a larger share of the resources than a neighboring
evergreen tree, this point is irrelevant to a consideration of the ori
gins of distribution patterns.

The evergreen trees will only be found

where they can make it as seedlings.
These cost-benefit considerations are summarized in Figure 7a-c.
The value of the graphical approach is that it predicts ecological
relationships under a wide range of conditions and implies the evolu
tionary tradeoffs underlying these relationships.

The points depicted

in the graphs are as follows:
1.

In the absence of competition with deciduous plants, evergreen
growth rate increases with increasing nutrient availability but
reaches a lower maximum than deciduous growth rate (Figure 7b).

2.

Deciduous species are less tolerant to low-nutrient levels than
evergreen species regardless of competitive regime (Figures 7b
and c).
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Summary of competition model to explain evergreen and deci
duous plant distributions along a nutrient gradient. — The
distribution pattern usually observed is shown in Graph
7a. Graphs 7b and 7c represent hypothetical growth rate
curves as a function of nutrient availability without and
with competition, respectively.
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3.

In the presence of competition with deciduous species, ever
green growth rate decreases with increasing nutrient avail
ability (Figure 7c).

4.

The distribution of evergreen and deciduous plants corresponds
to conditions where they can sustain growth under competition
(Figure 7a).

Since this pattern of distribution is what is observed in the field
(Figure 3, references cited in Introduction), in order to test the model
it is necessary to validate the other assumptions and predictions.
Points 1-3 will be discussed in detail in Chapter 2.
A major assumption is that evergreens have lower growth rates
under any conditions than do deciduous species.

Miller and Stoner

(1979) have provided a partial test of this assumption.

A plot of

production of deciduous and evergreen plants versus amount of nitrogen
or phosphorus taken up by the entire community (presumably a correlate
of amount available) for tundra plant communities shows that evergreens
have greater production than deciduous plants at low nutrient levels,
while the reverse is true at high nutrient levels.

The maximum produc

tion reached by deciduous plants is twice that for evergreen plants.
However, since these data are for communities, not individual plants,
abundance of evergreen and deciduous species is somewhat confounded
with their growth rates.

I have monitored growth rate of two evergreen

and one deciduous species for a year in the Sierra Madre using a modified
version of Liming's (1957) dendrometer design (see Goldberg, in prepara
tion, for details). Diameter increments for the year 1978-1979 are shown

in Table 4 for the three species.
tree on its growth.

There is no effect of size of the

As predicted, both evergreen species grow signifi

cantly more slowly than deciduous species.
Although the data presented in this chapter are not sufficient
for a rigorous test of the model, they are consistent with the model.
Because the species of the subtropical deciduous forest are largely
frost-intolerant and decrease in abundance as temperature decreases,
increasing elevation can be regarded as a natural experiment decreasing
the growth rate and population densities of deciduous species.

There

fore, the shift in evergreen species to inhabit less acid soils with
increasing elevation (Figure 4) may reflect decreasing competition with
deciduous species.

Local Considerations
There are, of course, explanations for the restriction of ever
green species to acid soils at low, but not high elevations, which need
not invoke a general hypothesis relating growth form to soil fertility
patterns.

If the soil on altered rock has higher moisture-holding

capacity or more moisture is available in the soft weathered material
below the actual soil, such a shift in apparent tolerance would also
be expected.

Howeiver, the absence of oaks in canyon bottoms or on

north-facing slopes only at their lowest elevation on this gradient sug
gests that water is not the major limiting factor.

In addition, meas

urements of water potential versus soil water content for two acid soils
and two circumneutral soils at low elevation along the gradient (760 m)
showed no consistent difference in ability of the soils to hold water

Table 4.

Growth rate differences among two evergreen
and one deciduous species. — Data are means
+ 95 percent confidence intervals. Prior to
analysis, the data were subjected to a log
transformation and then retransformed for
presentation. F = 25.613, d.f. = 2,171,
p < .001.

Species

Growth Form

Diameter Increment (cm)

Lysiloma divaricata

Deciduous

.148 + .094
- .058

Quercus tuberculata

Evergreen

.006 + .010
- .004

Quercus albocincta

Evergreen

.081 + .055
- .033
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(see Chapter 2).

Another possible explanation of the observed increase

in pH range with increasing elevation in evergreens is a direct inter
action between the effects of soil and elevation; for example, if too
high nutrient availability produces toxic effects on evergreen species
(e.g., Musick, 1978)i then high precipitation may nullify this effect
by leaching nutrients from the soil or cold temperatures may reduce
decomposition rates of litter and so decrease nutrient availability (cf.
Grubb, 1977). Two more possible explanations rely on microorganism
response to soil pH.

The deciduous forest soil may be inhospitable, for

some reason, to mycorrhizae of the evergreen species; or pathogens may
be present in the deciduous forest soil which cannot tolerate acid
conditions.
These explanations all differ from the competition model based
on costs and benefits of leaf longevity in that some abiotic factor,
rather than competition, eliminates evergreen species from nutrientrich soils. The fundamental niche (sensu Hutchinson, 1958) of deciduous and
evergreen plants in the Sierra Madre appears as in Figure 8b for all the
"local" explanations.

Note, however, that the negative response of

evergreens to high nutrient availability is not necessarily a direct
response but may reflect lack of some other resource correlated with
high nutrient availability.

The critical prediction in which the compe

tition model (Figure 7) and abiotic models (Figure 8) differ regards
evergreen growth on nutrient-rich soil in the absence of competition.
The competition model predicts that evergreens will grow and survive
better on nutrient-rich soils than on their own acid soil when competition
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Summary of abiotic model to explain evergreen and deciduous
plant distribution along a nutrient gradient. — Again, the
pattern observed is shown in Graph 8a, and Graphs 8b and 8c
represent hypothetical growth rate curves as a function of
nutrient availability without and with competition, respec
tively. The decrease in growth rate shown for evergreen
plants in 8b is not necessarily a result of direct response
to increased nutrients, but may reflect a decrease in some
other resource correlated with nutrients.
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is removed but will not survive at all under natural conditions.

The

abiotic models predict that no survival will occur regardless of compe
titive regime.

These predictions were tested in field experiments which

will be described in Chapter 2.

Generality of the Competition Model
Gankin and Major (1964) and Kruckeberg (1969) summarized much
of the literature on the distribution of endemic or geographically
disjunct species on abnormal or extreme (azonal) soils within many dif
ferent climatic regimes.

Azonal soils often have either extremely low

nutrient levels or such high levels of particular nutrients that nutrient
uptake is inhibited.

These workers suggested that competition with more

widespread, but intolerant, species on zonal soils of a region restricts
the species which have evolved special tolerance to particular azonal
soils to localities with such extreme conditions (e.g., serpentine,
limestone, hydrothermally altered rock).

In many of these cases there

are no obvious differences in growth form so that the proposed tradeoffs
between tolerance to unusual soil conditions and competitive ability are
not as clearcut as in the case, of the eve^reen-deciduous pattern dis
cussed in this chapter.

Nonetheless the processes determining distribu

tions may still be described by a model analogous to that in Figure 7.
From a review of available data, Grime and Hunt (1975) concluded that
plant species tolerant to low nutrient levels tend to have lower maximum
growth rates than intolerant species.

The importance of competition in

limiting tolerant species to extreme sites has been shown by Kruckeberg
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(1954) for serpentine endemics, by Cook, Lefebvre, and McNeilly (1972)
for heavy-metal-tolerant ecotypes, and by Lubchenco (1980) for
dessication-tolerant algae.
The growth curves in Figure 6 are essentially a description of
the included niche phenomenon, in which the fundamental niche (sensu
Hutchinson, 1958) of one species is included within that of another
species.

Miller (1967) has argued that, in animals, the more special

ized species (the included species) should occupy the more productive
portion of the niche space and will tend to be competitively superior in
the shared niche space (see examples in Miller, 1967; and the more recent
work of Bovbjerg, 1970; Werner and Hall, 1979; Schaffer, Jensen, Hobbs,
Gurevitch, Todd, and Schaffer, 1979; P. A. Werner (personal communica
tion).

The argument proposed here for deciduous and evergreen species

is clearly analogous:

the deciduous species with higher nutrient require

ments should outcompete the more tolerant evergreen species under fertile
conditions.

It may well be that systems of included niches occur wher

ever niches are separated along critical dimensions of availability or
quantity of the same resource (e.g., for an animal, density of a food
item).

Since plants generally require the same basic resources, the

critical niche dimension, that along which competitive exclusion may
occur, is often likely to be resource density (e.g., water availability,
nutrient availability) and we might expect systems of included niches to
be extremely common in plants.

CHAPTER 2

FIELD EXPERIMENTS COMPARING THE COMPETITION
AND ABIOTIC MODELS

Introduction
Chapter 1 documented an example of the association of evergreen
plants with nutrient-poor soils from the Sierra Madre of northwestern
Mexico and presented two classes of models to explain this pattern.
The competition model is based on a consideration of the costs and bene
fits of leaf longevity and states that evergreen plants are not found on
nutrient-rich soils in this region because of competition from more
rapidly growing deciduous plants.

The abiotic models are based on the

affinities of the particular species present or characteristics of the
particular soils and state that evergreen plants are eliminated from
the nutrient-rich soils by some direct physiological effect such as
nutrient toxicity, insufficient soil moisture, poor conditions for asso
ciated bacterial or fungal symbionts, or presence of pathogens.
of experiments were conducted to compare these models:

Two sets

increasing nut

rient availability in the acid soil (evergreen oak woodland habitat) to
examine the effects of nutrients directly without manipulating other
environmental conditions and decreasing competition in the nutrientrich soil (deciduous forest habitat).

The predicted results of the

experiments from the competition model and two of the abiotic models are
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summarized in Table 5.

Note that only reduction of competition in

the deciduous forest can distinguish between the two classes of moddies, although the nutrient addition experiments in the oak woodland
can distinguish between the two abiotic models.

No alternative hypo

theses to nutrient limitation were proposed to explain lack of deci
duous species on acid soil—consequently, the predictions for
deciduous species are the same for all the models and are not shown
in the table.

However, only in the competition model is the nutrient

limitation a necessary function of growth form.
As discussed in the previous chapter, the predictions for
the deciduous forest are stated in terms of a comparison of the re
sponse of deciduous and evergreen seedlings to competition with
established plants rather than the outcome of competition between
deciduous and evergreen seedlings.

Most previous experiments on com

petition in plants have been laboratory studies which compared growth
of individuals of similar age in monocultures with growth in mixed
cultures (Tansley, 1917; Moore, 1959; de Wit, 1961; Snaydon, 1962;
McCown and Williams, 1968; Parsons, 1969; Shontz and Shontz, 1972;
Sharitz and McCormick, 1973; Solbrig and Simpson, 1974; Mahmoud and
Grime, 1976).

However, for an understanding of the role of compe

tition in limiting distributions in the field (especially perennials)
the critical question is whether a seedling can invade an alreadyestablished stand consisting of several potentially competing species
(see Holmgren, 1956; Rorison, 1960; and Werner, 1977 for field

Table 5. Predictions of the competition and abiotic models
for response of evergreen seedlings. — 0 = zero
growth and survival, + = moderate growth and
survival, ++• = good growth and survival.

- - -Abiotic Models- - Competition
Model

Nutrient
Toxicity

Control

+

+

+

Increase nutrient
availability

++

0

+ or

0

0

0

++

0

0

Experimental Treatment

Insufficient
Soil Moisture

In oak woodland

In deciduous forest
Control
Reduce competition
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studies which address this question).

Thus, survival rather than

growth rate is the important parameter to measure.

Although the

models were developed in terns of growth rate in Chapter 1, the
translation is made fairly easily in plants.

Harper (1977, chapter

6), has summarized the evidence that smaller plants have a lower
survival probability.

Experimental Sites
The experiments were conducted at Rancho la Laguna, 4.3 km
southwest of Santa Ana de Yecora, Sonora, Mexico (lat. 28°23', long.
109°19') at an elevation of 760 m.

Appendix A contains a list of

the plant species found in the vicinity of the experimental sites.
In July 1978, two pairs of deciduous forest (DF) and oak woodland
(OW) sites were established.

The OW and DF sites in each pair were

chosen to match in aspect, slope inclination and exposure.
1979, a third DF site was established.

In July

No site was more than 150 m

from all the other sites.
Accumulating rain gauges and Taylor maximum-minimum thermo
meters at each site were checked on every visit to the experimental
area (13 times between July 1978 and February 1980.

Descriptions of

each site and climatic data are given in Tables 6 and 7.
To compare water-holding capacity of OW and DF soil, soil water
potential versus moisture content was measured for the four 1978 sites.
The Soils, Water and Plant Tissue Testing Laboratory of the University

Table 6. Descriptions of experimental sites at Rancho la Laguna. — OW = oak woodland,
DF = deciduous forest, E = east-facing, W = west-facing, N = north-facing.

OW-E

DF-E

ow-w

DF-W

DF-N

Aspect

83°

105°

310°

254°

350°

Slope

25°

29°

35°

36°

35°

Soil texture

Sandy loam

Clay loam

Loam

Sandy loam

4.08 + .071

6.53 + .381

3.72

5.05

Sandy loam

(5 - 10 cm depth)

Soil pH
(5 - 10 cm depth)

^ X + 95 percent confidence interval, n = 10
2

Composite sample

3 —

X + 95 percent confidence interval, n = 14

2

5.84 + .193

Table 7.

Precipitation1

Climatic data from experimental sites, 1978-1980

Fall 1978

Winter 1978-79

Spring 1979

Summer 1979

Fall 1979

Winter 1979-80

10.02

23.88

3.06

19.37

16.84

2.13

2
Maximum temperature

43

36

51

37

40

32

2
Minimum temperature

17

3

6

19

18

6

1

2

in cm, mean of 3 gauges
in degrees centigrade, extremes of 2 maximum-minimum thermometers.

u>
o\
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of Arizona conducted the analyses using a pressure membrane apparatus
(Kramer, 1969).

From each site a composite sample from 5 to 10 cm in

depth was analyzed with two moisture percentage determinations per sam
ple at each of five water potentials (.1, .3, 1, 5, 15 bars).

The

resulting curves are shown in Figure 9. In these curves more water is
available at low (less negative) water potentials.

Note that the oak

woodland east site (OW-E) has more water available than the deciduous
forest east site (DF-E) for a given moisture percentage while the oppo
site is true for the two west-facing sites (DW-W, OW-W).

Thus, there is

no consistent difference between OW and DF soils in ability to hold
available moisture.

Differences in water available in rock crevices,

rather than the soil fraction (< 2 mm), were not measured.

Nutrient Availability Experiments (OW)

Methods
The effect of increased nutrient availability was assessed by the
addition of CaCO^ to the soil in the two oak woodland sites.

Addition of

CaCOg to the soil and subsequent increase in pH can have several effects
on nutrient availability:

direct increase in calcium ion availability,

increase in phosphate availability by change from insoluble to soluble
forms, increase in nitrate availability by increasing activity of nitri
fying and nitrogen-fixing bacteria (assuming innoculum is present in the
soil or on the seeds planted), and decreasing solubility of potentially
toxic ions such as iron, aluminum and manganese (Black, 1968).
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Figure 9. Moisture release curves for four 1978 experimental sites. —
Soil moisture decreases to the right on the abscissa. Soil
moisture content was determined for five water potential
values to construct these curves. OW and DF refer to oak
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to west.-facing and east-facing, respectively.
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The effect of shading was also assessed in these experiments
since the lack of a continuous canopy cover in the oak woodland is one
structural difference between the deciduous forest and oak woodland.
The mechanism of competitive exclusion in the deciduous forest may be
reduction in light intensity available to seedlings by canopy trees.
If so, we would expect higher survival of evergreen seedlings in the open
in their own habitat as well.
The experimental design is summarized in Figure 10.
75 cm blocks were established in each oak woodland site:
shade of oak trees and five in the open.

Ten 110 by

five in the

The blocks were each covered

with a 1-inch mesh chicken wire basket 10 cm tall to keep out large
herbivores.

2
Each block was divided into six plots, .09 m , with a 10-

cm-wide buffer zone between plots.

Two plots per block were left undis

turbed as controls, two were cultivated but no CaCO^ was added, and two
were cultivated and CaCO^ added.

Each plot to be treated with CaCO^ was

cultivated to a depth of 30 cm and 700 g of reagent-grade crystalline
CaCO^ was mixed into the loosened soil.

The amount of supplementary

CaCO^ was determined earlier in the laboratory by adding CaCO^ to a
composite sample from each site until the pH was increased to that of
the neighboring deciduous forest site.

Table 8 compares pH of control

and treated plots immediately after addition and one year later.
Ten acorns of Quercus albocincta (Fagaceae, evergreen) were
planted on one plot of each soil treatment in each block and twenty
seeds of Lysiloma divaricata (Mimosaceae, deciduous) were planted in
the remaining plots.

These two species are the dominants of the oak
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L

Sample block in the 1978 oak woodland experiments. —
Treatments were assigned to plots within each block
randomly with the constraint that CaCOg plots were
always on the downslope side of the block to avoid
washing of the carbonate into the plots below it.
For this same reason, no block was directly downslope
from any other block. L = Lysiloma divaricata,
Q = Quercus albocincta.

Table 8.

Soil pH of control and CaCO„-treated plots in
the OW-E site.

Soil pH X + 95% confidence interval (n)
Control

July 1978

4.70 + .12
(6)

August 1979

CaCOg

6.15 + .05
(6)

4.83 + .10

6.80 + .46

(10)

(10)
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woodland and deciduous forest, respectively.

The Lysiloma seeds were

scarified by soaking in 2:1 H^O:concentrated HC1 for one half hour,
rinsing thoroughly and then soaking in distilled water.
which had imbibed water were planted.

Only seeds

The Quercus seeds were planted

directly with no pretreatment.
The plots were censused at 2 weeks, 5 weeks, 10 weeks} 4 months,
6 months, 12 months, 16 months, and 18 months following planting on 6
August 1978.

At each census, height and number of leaves of all surviv

ing seedlings were measured.

In addition, a soil sample was taken from

5-10 cm depth adjacent to each of the ten blocks at each site (at the
matching DF sites) and sealed in a tin can.

The water content of these

samples was determined gravimetrically and these values were converted to
soil water potential by the curves in Figure 9.
Analysis of height differences among treatments was based on
individual seedlings as replicates, while the five plots of each treat
ment were used as replicates to analyze germination and survival differ
ences.

To perform the planned comparisons between specific treatments

as dictated by the predictions, the least significant difference (LSD)
was calculated and compared with the observed difference in means (DIM).
LSD for each census is based on the pooled error mean square (Steel and
Torrie, 1960, p. 236).

ANOVA tables are not presented; however, in all

cases in which two means are significantly different that treatment
effect was also significant in the ANOVA.

Results
The results of the nutrient availability experiments suggest:
1.

Nutrient toxicity is not an important factor limiting evergreen
oaks to acid soils.

2.

Light competition, at least from canopy trees, is also not an
important factor in evergreen distribution.

3.

Soil pH and, indirectly, nutrient availability restricts at
least the dominant deciduous species, Lysiloma, from occurring
on acid soils.

These results are discussed in detail below for each species.

Only

results from the OW-E experimental site are presented since little ger
mination occurred in any treatments in the OW-W site.
Lysiloma divaricata.

Figure 11a shows mean number of seedlings

per plot through time for each of the soil and shading treatments for
Lysiloma.

Comparisons of shade versus open survival are significant

after 18 months in the CaCO^ plots(CaCO^ DIM = 8.2, > LSD qq^ = 5.4).
The lowered germination and survival in the open can be attributed to
lower water potentials (on 8 of 9 occasions more water was available in
the shade).

The difference suggests that decreased evapotranspiration

in the shade is more important to seedlings than reduction in light
intensity.
No significant differences in germination (August 1978 census)
were found among soil treatments.

However, after 18 months of growth,

the number of survivors on plots in the shade was significantly higher
in the CaCO^ plots than in the cultivated plots (DIM = 9.2 > LSD

=
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5.5).

In the open, the same trend occurs although the differences are

not significant due to the generally low germination and survival in the
open.
Figure 12a shows height of Lysiloma through time in the shade
and open.

Unlike the survival results after 18 months, there were no

significant differences in height between open and shade treatments.
The differences between cultivated and CaCO^ plots are in the direction
predicted, but significant at 18 months only in the shade (Figure 13a).
It is noteworthy that almost no growth occurred in most of the treatments
after the first two months following planting.

The only exception is in

the CaCO^ treatment in the open which showed a spurt in the same time per
iod (August-October) in the second year.

This cessation of height growth

might be due to a shift in allocation to roots once some photosynthetic
tissue has been developed.
Quercus albocincta.

Figure lib shows mean number of seedlings

alive per plot for Quercus.

As in Lysiloma, more seedlings were found

in the shade than in the open but only in the control plots at germination
were these differences significant (DIM = 2.2 > LSD q,. = 2.0).

Also, as

in Lysiloma more seedlings survived in CaCO^ plots, both in the open and
shade; however, none of the differences were significant at any census
period, making the nutrient toxicity hypothesis unlikely.
Similar results were obtained with the height measurements shown
in Figures 12b for shade and open.

The shade seedlings were also gen

erally taller than open seedlings, although not significantly so at 18
months (Figure 13b), suggesting light competition is unimportant.
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The oak seedlings were generally taller in the CaCO^ plots than in the
cultivated plots, but at no time were these differences significant.

Competition Experiments (DF)

Methods
Two deciduous forest sites, matching the OW sites described in
the previous section, were established in July 1978 to examine the
effects of competition with herbaceous plants on evergreen and deciduous
seedlings.

A design similar to that of the OW experiments was used:

five blocks, 70 by 70 cm, were established in the shade and five in the
open at each of the two sites.

Each block had four .09 m

2

were cleared of all herbs, and two were left undisturbed.

plots; two
Again, 20

seeds of Lysiloma divaricata and 10 acorns of Quercus albocincta were
planted in each treatment in each plot.
In 1979, experiments were conducted to assess the effects of the
entire deciduous forest community on seedling establishment.
nity was divided into three structural components:
shrubs and herbaceous (mostly annual) plants.

The commu

canopy trees, woody

Shading by canopy trees

was not considered as a potential source of competitive effects since
the results of the OW experiments indicated shading was a positive factor
in seedling establishment.
ated by trenching.

Influence of roots of canopy trees was elimin

This experimental technique has been used successfully

in eastern deciduous forests to distinguish between the effects of compe
tition for light as opposed to competition for water and nutrients
(Toumey and Kienholz, 1931; Korstian and Coile, 1938). The trenches were

15 cm wide and 70 cm deep.

All roots entering the trenches were cut,

and the trenches were lined with a double layer of 6 mil plastic and
then refilled.

The steep slopes characteristic of the area (35° at the

trenching site) support very shallow soils and almost no large roots
were found below 50 cm.

Shrubs were removed by cutting at ground level

and clipping new sprouts from the rootstocks at each census.

Herbs

were removed by pulling the entire plant from the ground within a week
of germination.
Since trenching involves a large amount of disturbance, a block
design was impracticable.

The design used is shown in Figure 14.

areas, 4 by 4 m, without large trees were surrounded by trenches.
areas were adjacent so that they shared a center trench.
areas were left untrenched four meters away.

Two
These

Two similar

The lower of the trenched

and untrenched areas were cleared of all shrubs.

Within each of the

four areas 8 plots, .5 by 1 m each, were established; half of these
plots were cleared of herbs and half were left undisturbed.

One half of

each plot was planted with 40 Lysiloma divaricata seeds, scarified as in
the OW experiments, and the other half was planted with 40 acorns of
Querc.us albocincta.

Each block was then covered with a 1-inch mesh

chicken wire basket.
After planting on 31 July 1979, the experiments were censused at
2 weeks, 10 weeks, 14 weeks and 6 months.

At each census except 14 weeks,

height and number of leaves of all surviving seedlings were measured and
soil moisture samples taken from each of the four areas.
only the number of seedlings was checked.

At 14 weeks,
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herbs removed
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Figure 14. Design of 1979 deciduous forest experiments. — Within each of the four areas
(untrenched and uncleared, trenched and uncleared, etc.) there are 4 repli
cates of each of the herb treatments; only one of each is shown in the figure.
The number in parentheses below each plot is the number of vegetation compo
nents removed. L = Lysiloma divaricata, Q = Quercus albocincta.
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The experiments were set up as a split-split plot design (Hicks,
1973).

The time and effort involved in trenching made it impossible to

replicate this treatment, and so it was not possible to evaluate all
the main effects of treatments and their interactions in an analysis of
variance.

Instead, the results were evaluated as a one-way design with

the number of vegetation components removed (0, 1, 2 or all) as the
experimental treatments.

Results
There was very little germination and no survival of either
species past ten weeks in the 1978 herb-removal experiments in the
deciduous forest.

Accordingly, the discussion below will be restricted

to the 1979 experiments for which only data up to the 6-month census
are available.

It should be kept in mind that much of the mortality

in the 1978 OW experiments occurred during the spring dry season (after
10 months, Figure 11) so that the results described here may not be
good indicators of the final outcome.
The results of the 1979 competition experiments support the com
petition hypothesis.

The only surviving evergreen seedlings are in the

complete removal treatment, and these surviving oak seedlings are almost
twice as tall as the experimental seedlings in their own habitat.

How

ever, these surviving seedlings represent only 1.25 percent of the seeds
planted in that treatment.

The reason for the low germination and survival

appears to be seed predation, as will be discussed below.
Lysiloma divaricata.

Figure.15a shows the number of surviving

Lysiloma seedlings through the 6-month census in four of the eight
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treatments.

The four treatments not shown are the complete control

(no vegetation components removed) and the three treatments removing
only a single component.

By the 6-month census, these four treatments

all had 1 or 0 seedlings left alive out of 160 planted.

Note that

removal of herbs only in this experiment gives the same result as the
1978 competition experiments.

Of the treatments shown on the graph,

removal of shrubs seems to have the largest effect.

Removing all three

components gives the highest survival rate and also the greatest height
(Figure 16a).
The most interesting result of this experiment is the nonadditive
effect of removing different vegetation components.

At least two compo

nents must be removed before any establishment is seen.

In Figure 17a,

mean survival rate (of number planted) is plotted against number of vege
tation components removed.

A one-way analysis of variance is highly

significant (F = 11.120, d.f. = 3,28; p < .001).

The important consider

ation is that the relationship appears to be nonlinear and bowed upwards.
The low survival means that height differences cannot be assessed the
same way.

Only two treatments had sufficient sample size to analyze

(Figure 17b).

These two—removing 2 components and removing all three

components—are significantly different (F = 7.137, d.f. = 1,108;
p < .01). These results suggest a threshold level of reduction in compe
tition exists in order for establishment to occur; and further, that
removal of different combinations of treatments may produce the same
effect.

Full replication of these experiments (i.e., replication of

trenching and clearing of shrubs) is necessary to substantiate this
hypothesis.
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Quercus albocincta.

Figure 15b shows the number of surviving

seedlings of Quercus in the same four treatments as in Figure 15a.

The

four .remaining treatments, control and removals of only one component,
all had zero survival to 6 months.

In fact, only two seedlings survived

this long out of 1,280 seeds planted in all the treatments, and these
two were in the complete removal.

The cause of this very low germination

and survival appears to be predation, especially on seeds.

At the first

census, it was apparent that many of the seeds had been taken from the
plots.

Acorn shells were often found in or adjacent to the plots.

The

oaks which did germinate (seen at first census) usually had disappeared
and were not found dead at the second census, suggesting that they had
been eaten.
The predators are thought to be small rodents since the 1-inch
mesh chicken wire should have excluded deer, birds and squirrels.

In

October 1978, patches of deciduous forest and evergreen oak woodland
near the experimental sites were livetrapped.

Six times as many small

mammals (all rodents in the families Heteromyidae and Cricetidae) were
caught in the deciduous forest as in the oak woodland (34 percent versus
2
5 percent trap success; x

=

17.065, d.f. = 1, p < .001). This is

presumably due to the greater vegetation cover there which protects the
rodents from their own predators.
These observations suggest a new hypothesis to explain the absence
of evergreen oaks in the deciduous forest:

the evergreen oaks have large

seeds which should be more attractive to granivores than the small seeds
of the deciduous forest species, and predation is more intense in the
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deciduous forest due to the dense vegetation cover which protect herbi
vorous and granivorous mammals from their own predators and the greater
abundance of seeds for food (Hafner, 1977).

In the absence of predation,

the competition hypothesis should still hold, as indicated by the results
already obtained.
This prediction is currently being tested experimentally.

Some

indirect support for the hypothesis is provided by a comparison of ger
mination rates of Quercus and Lysiloma in the deciduous forest and oak
woodland (Figure 18a).
ments than Lysiloma

Quercus had lower germination rates in all treat

which is consistent with the hypothesis that its

seeds are more susceptible to predation because they are larger.

Both

species had lower germination in the deciduous forest than in the oak
woodland, despite the fact that both had greater height growth in the
deciduous forest (Figure 19), which is consistent with the hypothesis
that seed predation is more intense, in general, in the deciduous forest.
On the other hand, of those plants which did germinate, Quercus shows
lower survival rates in the deciduous forest than in the oak woodland,
even on plots from which all competitors had been removed, while Lysiloma
shows no such decrease in survival rate (Figure 18b).

This result may

reflect more intense herbivory or intrinsic soil factors such as mycorrhizae.

The large height growth of these few oaks which did survive to

6 months (Figure 19) argues against the importance of unfavorable soil
conditions.

Only repetition of the competition experiments with a con

trol for predation can determine whether these factors are sufficient to
account for the absence of oaks in the deciduous forest.
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Discussion
The experimental results for evergreen growth and survival are
summarized in Table 9 in terms of the predictions of the competition
and abiotic models shown in Table 5.

Results for growth support the

competition model while the results for survival support the insuffi
cient moisture model.

The difference between these two measures of

success was suggested in the previous section to be due to more intense
predation on evergreen seeds in the deciduous forest.

The effects of

predation can be incorporated into the general competition model by
making two assumptions.

First, granivores may well be generally more

abundant in deciduous communities on nutrient-rich soils since such
soils should support greater vegetation biomass and cover.

Second,

seeds of evergreen species found on nutrient-poor soils would tend to
be larger than seeds of deciduous species found on more fertile soils
since the reserves in the seed should enable a seedling to establish its
own root system before suffering any major nutrient deficiencies.

Data

bearing on these two assumptions need to be compiled for other systems
with soil based evergreen-deciduous distribution patterns.
The results for the deciduous species are consistent with all
the models:

growth and survival increases with increasing nutrient

availability.

It is interesting, however, that some reduction in compe

tition in the deciduous forest was necessary for survival since the
species used is a dominant in the vicinity of the experimental site.
A question which arises is how does Lysiloma become established under
natural conditions.

Establishment after disturbance is one possibility
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Table 9. Summary of experimental results for evergreen
seedling growth and survival. — Compare with
predictions in Table 5.

Experimental treatment

Growth

Survival

In oak woodland
Control

+

+

Increase nutrient availability

+

+

Control

0

0

Reduce competition

++

trace

In deciduous forest
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because herbs are usually the first vegetation to reestablish after a
disturbance and in the shrubs and trees removed (herbs only present)
treatment survival was nearly as high as in the complete removals (Fig
ure 15). However, herbaceous growth in the absence of trees and shrubs
is greater than in undisturbed forest (personal observation), so its
effects might ie stronger than appears in these experiments.

It is

possible that establishment occurs only in exceptionally wet years;
1979-80 was a very dry winter (Table 7).

However, in the 1978 deciduous

forest experiments there was no survival in the controls or herbsremoved either, and the winter of 1978-79 was quite wet (Table 7).
Either still greater rainfall is necessary to support tree seedling
establishment in nature, or the probability of seedling establishment
is so low it appears as zero in the small sample size of the experiment
(160 seeds in the complete control).

It is clear from the experiments

that the competitive effects of the entire deciduous community are a
major factor contributing to the low probability of any seedling estab
lishment.

CHAPTER 3

GENERAL DISCUSSION AND CONCLUSIONS

The major focus of this study has been on evergreen-deciduous
patterns relative to soil nutrient status.

However, a secondary theme

running throughout concerns the nature of plant competition and appro
priate ways of studying it.

The results presented in Chapters 1 and 2

will be discussed relative to these two general points in the sections
below.

Evergreen-Deciduous Patterns
On the most general level, I have attempted to provide an expla
nation for the widespread pattern of evergreen plants limited to nutrientpoor soils in regions where the dominant vegetation on nutrient-rich
soils is deciduous.

The basic model is that deciduous plants are restric

ted to nutrient-rich soils by their inefficient use of nutrients and
inability to tolerate low-nutrient conditions.

Evergreens, on the other

hand, are more efficient in their use of nutrients and are able to toler
ate low-nutrient conditions but are restricted to such conditions by
their inability to compete with more rapidly growing deciduous plants on
more fertile soils.
This general explanation was examined in an evergreen-deciduous
mosaic pattern in the Sierra Madre using only one deciduous species and
one evergreen species as test cases.
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One of the limitations of the
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study, then, is that the differences observed between the two species
used in the experiments cannot be shown to be a result solely of their
difference in growth form.

A more satisfactory test of the general

model developed in Chapter 1 for evergreen-deciduous distribution pat
terns would be a repetition of similar experiments in other systems in
which the same pattern is seen and on soils which are nutrient-poor for
reasons other than acidity—or at least are acid for some reason other
than hydrothermal alteration.
Bearing this limitation in mind, I have shown that increase in
soil pH, and indirectly nutrient availability, is sufficient and necessary
for establishment of deciduous seedlings on the acid, nutrient-poor soil
of the oak woodland, and that such an increase is not necessary for any
evergreen seedlings to survive.

Further, I have shown reduction of compe

tition on the fertile soil of the deciduous forest is necessary for any
evergreen seedlings to survive and that the surviving evergreen seedlings
are much taller than they are on their "own" soil.

Although this last

result is suggestive of the importance of competition in limiting ever
green distribution, the low germination and survival rates require an
additional explanation.
these low rates.

I suggested that predation may be the cause of

Although effects of predation may be worked into the

general model for evergreen-deciduous distribution patterns, it is impor
tant to remember that the experiments indicate competition alone could
still eliminate evergreen seedlings.

The experiments described in this

study are only a first step in understanding the distribution of the two
test species and of evergreen and deciduous plants in general.

Their
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importance, and that of the general model presented, lies in the attempt
to predict the causal mechanism underlying a distribution pattern from
a priori knowledge of their morphology.

A

Competition and the Distribution of Plant Species
This study also addresses the questions of whether competition
can limit distributions in nature and how the competitive process oper
ates.

The usual assumption made in studies in competition, especially

in mobile animals, is that close relatives, which are morphologically
similar, are the most severe competitors.

However, in plants it is not

clear that comparisons of intraspecific and interspecific competition
between closely related species is the important consideration due to
the importance of being spatially contiguous for competitive effects to
be felt in a sessile plant and the greater homogeneity of essential
resources in plants.

Absence of a species from an area may have more to

do with its ability to compete with an existing community and the density
and potential of the existing members of the community to take up resour
ces and make them unavailable to seedlings than with competition from a
similar or closely related species which is only one component of the
community.

The problem is that, under most natural conditions, the two

species would not be directly competing with each other, but, rather,
each with the rest of the community.

Exceptions to this include species

with clumped dispersal patterns and in species-poor environments.

The

appropriate methodology to study replacement of species along an environ
mental gradient is to compare their responses to the communities found
along that gradient, not to have them compete with each other under the
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varying environmental conditions.

This last is by far the most usual

approach in experimental plant ecology (e.g., the classic work by
Tansley, 1917; see summaries in Mueller-Dombois and Ellenberg, 1974
and Harper, 1977).

The approach in this study has been to examine the

effects of diffuse, community-level competition on seedlings rather than
the effects of deciduous and evergreen seedlings on each other.
Going along with the concept of community-level competition is
the importance of looking at amounts of vegetation removed when reducing
competition, and its structural position in the community.

Removing

equivalent biomass of herbs and shrubs may have very different effects,
while selective removals of equivalent biomass of different herbaceous
species or different shrub species may have equivalent effects.

The

distinction is due to large differences among growth forms and life forms
in allocation of photosynthate to support structures which have no direct
competitive effect.

Structural differences may well overshadow some of

the more subtle differences in amount and timing of uptake of nutrients
or water which exist among species of more similar morphologies.

Al

though biomass effects were not taken into account in the experiments
reported on here, the results for Lysiloma in the competition experiments
certainly indicate that different structural components of the community
have different effects.

The biomass removed in the three components

was certainly different—this may explain the lesser effect of herbs than
shrubs or trees.

However, the nonadditive nature of the effects of seed

lings indicates that more than just biomass removal is important.
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These ideas can only be examined further by experimentation in
the field.

The effects of community-level competition, especially involv

ing different aged and sized structural components, cannot be replicated
in a laboratory situation.

Comparisons of seedling establishment under

naturally varying vegetation density and composition is also unsatisfac
tory because the reasons for such variations might well have direct
effects on seedlings as well.

The place of correlation data, such as

that presented in Chapter 1, is to point out patterns and suggest pos
sible mechanisms which can be tested in the field.

APPENDIX A

PARTIAL LISTING OF PLANT SPECIES FOUND IN THE VICINITY
OF THE EXPERIMENTAL SITES AT RANCHO LA LAGUNA

The listings in the herbaceous category are particularly incom
plete.

The listings in the tree and shrub categories include all the

dominants and most of the less common species.

I am indebted to S. M.

« McLaughlin for identification of the Euphorbiaceae and to J. Reeder for
identification of the Poaceae. I am also grateful to Raymond M. Turner
for allowing me to use an unpublished manuscript of his vegetative key to
the woody legumes of Sonora.

An asterisk (*) indicates a specimen is

deposited in the University of Arizona Herbarium.
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TREES
DECIDUOUS FOREST AND CANYON BOTTOMS

OAK WOODLAND

Lysiloma divaricata*

Quercus albocincta

Ipomoea arborescens

Quercus tuberculata

Ceiba acuminata

Quercus chihuahuensis

Bursera fagaroides (= .B. confusa)

Ipomoea arborescens

Coursetia glandulosa

Lysiloma watsoni

Diphysa racemosa

Heliocarpus attenuatus*

Willardia mexicana

Vitex mollis

Pachycereus pecten-aboriginum
Stenocereus thurberi (= Lemairocereus
thurberi
Acacia famesiana*
Acacia cochliacantha
Jatropha cordata
Jatropha platanifolia
Heliocarpus attenuatus*
Triumfetta semitriloba*
Erythrina flabelliformis
Fouqueria macdougalii
Lysiloma watsoni
Pithecellobium mexicanum*
Cassia emarginata
Parkinsonia aculeata
Guazuma ulmifolia
Wimmeria aculeata
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SHRUBS
DECIDUOUS FOREST AND CANYON BOTTOMS

OAK WOODLAND

Cassia biflora

Vernonia palmeri

Croton fragilis

Solanum umbellatum*

Croton ciliato-glanduliferum

Dodonea viscosa

Ambrosia cordifolia

Eupatorium bertholdii*

Pseudoabutilon scabrum*

Jatropha platanifolia

Acalypha sp.

Abutilon sp.

Iresine hartmanii*
Iresine calea*
Solanum amazonium
Viguiera dentata*
Randia echinocarpa
Celtis reticulata*
Montanoa patens*
Lantana velutina
Lantana horrida
Hyptis albida
Plumeria acutifolia
Mascagnia macroptera*
Pisonia capitata
Ambrosia ambrosoides
Baccharis glutinosa
Lagascea decipiens
Agave pacifica
Pluchea adnata*
Buddleia parviflora*
Jacobinia candicans*
Carlowrightia pubens
Eupatorium collinum*
Eupatorium filicaule*
Rhynchosia pyramidilis
Abutilon spp.

HERBS
DECIDUOUS FOREST AND CANYON BOTTOMS

OAK WOODLAND

Elytraria squamosa

Cassia palmeri*

Passiflora suberosa*

Euphorbia subreniformis*

Talinum paniculatum*

Euphorbia dioscoreides*

Gaudichaudia cf. schiediana*

Euphorbia heterophylla*

Ayenia cf. glabra*

Mitracarpus hirtus*

Ruellia intermedia*

Diodia teres var. angustata*

Gronovia scandens*

Andropogon tener*

Mentzelia aspera*

Aristida orcuttiana*

Tetramerium hispidum*

Paspalum virletti*

Euphorbia graminea*

Digitaria ciliaris*

Euphorbia dioscoreides*

Digitaria argillacea*

Euphorbia heterophylla*

Trachypogon montufari*

Acalypha ostryifolia*

Digitaria insularis*

Tragia nepetifolia*

Paspalum fastigata*

Mitracarpus hirtus*

Diectomis fastigata*

Desmodium cajanifolium*

Bletia roezli*

Lasiacis ruscifolia*
Axonopus compressus*
Setariopsis latiglumis*
Gouiania virgata*
Panicum trichodes*
Setaria grisebachii*
Brachiaria fasciculata*
Oplismenus burmannii*
Dorstenia drakeana*
Quamoclit pinnata*
Ipomoea spp.
Bidens sp.
Sida setifera
Begonia portillana
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