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Abstract Although edaphic variation is common in natural systems, and has often

been described as a major driver of plant species diversity, the effect of this edaphic

variation on plant diversity has not been described in a comprehensive, synthetic

fashion. Understanding this variation is essential, however, as soil nutrients are

important drivers of plant community structure. This study takes advantage of

multi-scale vegetation sampling along with plot-level soil data from the Carolina

Vegetation Survey to examine the relationships between soil nutrients and diversity

in forests and woodlands at multiple spatial scales and across floristic regions. We

find that there is greater variation in soil characteristics that predict diversity

between regions than across scales within regions. In Atlantic Coastal Plain

longleaf-pine communities, nitrogen, sulfur, iron, soil pH, organic matter, and silt

are important predictors of diversity. In the Fall-line Sandhill longleaf-pine com-

munities of the Carolinas, manganese, nitrogen, soil pH, and silt are the measured

variables that predict diversity best. In longleaf-pine communities of Florida, soil

pH, iron, nitrogen, and silt are consistently the strongest indicators across all scales

from 0.01 to 1000 m2. In southern Appalachian Mountain forest communities, soil

pH, manganese, and calcium are the best diversity indicators. By tailoring models

to individual regions, soil characteristics can predict between 39 and 54 % of the

variance in diversity at the 0.1 ha scale.
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Introduction

Multiple factors affect plant species diversity, including climatic factors, species

pool, dispersal abilities of species, disturbance, and environmental favorability,

which includes nutrient availability. Describing diversity is complicated, however,

by the fact that patterns of diversity have also been shown to vary with scale of

observation (Gaston 2000; Peet et al. 2014). Giladi et al. (2011) emphasize the

importance of studying the multiple drivers of diversity across scales of observation

in order to determine influences on plant diversity accurately. Soil attributes are

critical in driving plant community diversity, but variation in soil attributes is

poorly represented in most regional data (Waring and Running 1998; Box and

Fujiwara 2011). In particular, soil nutrients and texture vary between regions

because of differences in geological history and context, but diversity may also

track fine-scaled variation in soil attributes. If the significant correlates of diversity

vary with scale, this could shed light on which mechanisms are influencing species

coexistence. However, if correlates vary less with scale and more with region, this

highlights the dominance of broader-scale factors, such as soil, climate and regional

geology, over local coexistence mechanisms.

Path models and structural equation models provide a basis for determining the

complex relationship of diversity with soil resources and its variation with scale.

We use these approaches to examine the relationship between soil characteristics

and species diversity across multiple scales in forests of two floristic regions: the

longleaf-pine woodlands of the southeastern United States coastal plain and the

forests of the southern Appalachian Mountains.

Small changes in soil moisture and soil texture translate into distinct composi-

tional differences in longleaf-pine communities. In fact, a combination of soil

moisture and percent silt has been used as the primary basis for classification of

longleaf-pine communities (Peet 2006; Peet et al. 2014). Soil texture has conse-

quences for water relations and nutrient storage that affect the availability of

moisture and nutrients to plants. Based on prior research (e.g., Peet 2006), we

expected soil texture to be a key factor driving variation in diversity across spatial

scales from 0.01 to 1000 m2 within the coastal plain. In contrast, previous work in

southern Blue Ridge Mountains forests has demonstrated a close relationship

between soil pH and species diversity (Peet et al. 2003, 2014). This is consistent

with the correlation between diversity and pH seen in other temperate forest

communities (e.g., Schuster and Diekmann 2005). Because these distinct regions

differ in expected importance of soil characteristics, they provide a case study for

examination of consistency of patterns across scales in a wide range of community

types.

Examination of the herbaceous richness of forests and woodlands in eastern

North American indicates the changing importance of edaphic variables, both

across scale of observation and across regions (Peet et al. 2014). This study takes

advantage of multi-scale vegetation sampling (Peet et al. 1998, 2012) along with

plot-level soil data to examine the relationships between soil nutrients and diversity
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of vascular plants at different scales. Path analysis is used to determine the relative

strength of soil variables in predicting plant species richness and to determine the

loadings of soil variables onto latent variables in order to build structural equation

models of soil nutrients and diversity. We hypothesize that texture is the driving

influence on diversity in longleaf-pine communities, while soil pH and manganese

are the essential variables in the southern Appalachian Mountains. We expect soil

minerals to influence diversity collectively in the mountains (Fig. 1) but that there

will be distinct soil mineral and soil texture influences in longleaf-pine communi-

ties (Fig. 2).

Methods

Data were assembled from the Carolina Vegetation Survey database (CVS; Peet

et al. 2012) for forests of the southern Appalachian Mountain region (578 plots) and

longleaf-pine woodlands of the Southeastern Coastal Plain (642 plots). The

longleaf-pine data were subdivided into three geographic regions: one representing

the Atlantic Coastal Plain (n¼ 343), the second the Fall-line Sandhill region of

North and South Carolina (n¼ 94), and the third Florida (n¼ 203). These plots are

1000 m2 and were surveyed using the CVS methodology (Peet et al. 1998, 2012).

Plant species richness was measured in 0.01, 0.1, 1, 10, and 100 m2 subplots within

the 1000 m2 plot, with two nests in each of four 100 m2 intensive modules within

the 1000 m2. Richness values were averaged across the four intensive modules for

each subplot size.

Fig. 1 Initial conceptual

model showing the

influence of soil

characteristics on diversity

Fig. 2 Refined conceptual

model illustrating the direct

and indirect influence of soil

texture on diversity
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Soil samples were taken from the A horizon in at least one intensive module.

Because soil samples were generally taken from each intensive module, they were

typically located inside each 100 m2 subplot, and in all cases there was a sample

within the 1000 m2 plot. All soil samples were analyzed by Brookside Laboratories,

New Oxford, Ohio, using Mehlich-3 extraction (Mehlich 1984) for nutrient ana-

lyses. Soil analyses included texture (percent clay, silt, and sand), cation exchange

capacity (CEC), pH, organic matter (Org), and availability of nitrogen (N), phos-

phorous (P), sulfur (S), manganese (Mn), calcium (Ca), and iron (Fe). Soil nutrient

measurements were log-transformed to normalize the distributions in order to

facilitate the comparison of covariances to diversity through structural equation

modeling.

Conceptual models were initially specified for structural equation modeling (see

above, Figs. 1 and 2), based on theory, previous work, and knowledge of the

systems (e.g., Peet et al. 2003, 2014; Peet 2006). An iterative process was used to

refine the models: (1) checking the specification of a model, (2) using the estimates

based on the model fit to the covariance data and model fit indices to evaluate the

model, and (3) making adjustments to the model if necessary. A model with suitable

fit can then be interpreted. In this analysis, we used path models (only including

measured variables) to eliminate unnecessary measured variables before running

the structural equation models that include conceptual variables (e.g., soil nutri-

ents). For a more thorough description of structural equation modeling, see Bollen

(1989), or Grace (2006). For each dataset, correlations and covariances were

calculated for plant species richness at each scale and for all soil variables. The

strongest 5–6 soil variables (correlations r> 0.24) were selected to model diversity

at four scales: 1, 10, 100, and 1000 m2. Finer scales were excluded because they

were further from the soil sample; also, because of weaker correlations, the models

either fit poorly or did not converge. All path models were run initially with the

strongest correlates for a given scale and region (Table 1). Correlates with strong

co-linearity with other predictors were removed. Initial models were refined based

on the significance of paths (i.e., insignificant paths were removed from the models

until the best model fit was achieved). Confirmatory factor analyses were run on all

models to determine the appropriateness of predictors loading onto latent variables

(e.g., conceptual variables, such as soil nutrients and soil texture). The confirmatory

factor analyses were used to test structural equation models (Bollen 1989) of soil

and diversity. All analyses were conducted using the MPlus6.1 statistical package

(Muthén and Muthén 1998–2010) with maximum likelihood estimation.
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Results

Longleaf Pine Communities

In all three longleaf-pine regions, the correlates of diversity had some turnover

between scales (Table 1 summarizes the strongest correlates at each scale). Silt was

a strong correlate across almost every scale in all three regions. Iron, nitrogen, and

sulfur had the strongest relationship with diversity across all scales of observation

in longleaf pine of the Atlantic Coastal Plain, followed by soil organic matter, silt,

and sand (Table 2). In the Sandhills, longleaf diversity correlated most strongly

with manganese, pH, and nitrogen, but silt, sand, and calcium were also highly

correlated with diversity (Table 3). In Florida longleaf stands, soil pH, iron,

manganese, and silt were the strongest correlates of diversity (Table 4).

Table 1 Strongest correlates of diversity at different scales in Atlantic Coastal Plan (ACP),

Sandhills, and Florida (FL) longleaf-pine communities, and southern Appalachian Mountain forest

(Mountain) communities. The strongest correlate is listed on the left, and they decrease from left to

right

ACP longleaf 0.01 m2 N Sand Silt S Fe Org

0.1 m2 N Sand Silt S Fe Org

1 m2 N Fe S Sand Silt Org

10 m2 Fe S N Sand/Org Silt Clay

100 m2 Fe S N Org Sand Silt/pH

1000 m2 Fe S N Org pH Clay

Sandhills

longleaf

0.01 m2 N Sand/pH Silt Org

0.1 m2 N pH Sand Silt/Mn Ca/Org Clay

1 m2 pH N Mn Ca Sand Silt

10 m2 pH N/Mn Ca Sand Silt Org

100 m2 Mn pH N Ca Silt/Sand Org

1000 m2 Mn Silt/Sand/pH N/Ca Org

FL longleaf 0.01 m2 N Silt/Org Fe Sand

0.1 m2 Silt N Sand Org Fe P

1 m2 Silt Sand/Fe/pH N

10 m2 pH Fe Mn Silt Sand

100 m2 pH Mn Fe Silt

1000 m2 Fe pH Mn Silt Sand

Mountain 0.01 m2 Ca pH CEC Mn

0.1 m2 pH Ca Mn CEC

1 m2 pH Mn Ca Fe CEC

10 m2 pH, Mn Ca Fe S

100 m2 pH Mn Ca Fe S

1000 m2 pH Mn Ca Fe S
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Path models predicting diversity using the strongest soil indicators for the

10, 100, and 1000 m2 scales (Table 1) had excellent model fit based on standardized

root mean square residuals (SRMR), the comparative fit index (CFI), and the Root

Mean Square Error of Approximation (RMSEA) (Table 5). The chi-squared values

(p¼ 0.000) suggest a poor model fit to the covariance data, but this fit value is

influenced heavily by the relatively large sample size. The one exception to the

excellent path-model fit values was the 1 m2 path model for Atlantic Coastal Plain

longleaf pine, which had a poor to marginal fit (see Table 5). Although the model fit

is not ideal, the 1 m2 Atlantic Coastal Plain longleaf-pine path model has patterns

similar to those of models at coarser scales, with nitrogen, sulfur, and iron as strong

indicators of diversity.

The path models indicated that nitrogen, sulfur, iron, and pH are the best

indicators of diversity at all scales in Atlantic Coastal Plain longleaf-pine commu-

nities, while sand is important at the 1 m2 scale and organic matter at the 1000 m2

scale (Fig. 3). In the Sandhill longleaf-pine path models, manganese and silt were

strong predictors of diversity across all scales, and pH and nitrogen became more

Table 5 Model fit values for path models and structural equation models of plant diversity and

soil attributes

Location Scale CFI SRMR RMSEA 90 % CI χ2 df P AIC

ACP longleaf 1 m2 0.60 0.09 0.26 0.22–0.30 123.16 5 0.00 1004.84

10 m2 1.00 0.00 0.00 0.0–0.0 230.954 4 0.00 2381.84

100 m2 1.00 0.00 0.00 0.0–0.0 240.706 4 0.00 2714.44

1000 m2 1.00 0.00 0.00 0.0–0.0 265.78 5 0.00 1452.47

SEM 0.74 0.12 0.25 0.23–0.27 1079.23 21 0.00 346.55

Sandhills longleaf 1 m2 1.00 0.00 0.00 0.0–0.0 75.636 4 0.00 500.79

10 m2 1.00 0.00 0.00 0.0–0.0 72.734 4 0.00 607.95

100 m2 1.00 0.00 0.00 0.0–0.0 68.285 4 0.00 731.18

1000 m2 1.00 0.00 0.00 0.0–0.0 57.518 4 0.00 414.56

SEM 0.87 0.11 0.19 0.11–0.27 138.51 10 0.00 101.08

FL longleaf 1 m2 0.00 0.00 0.00 0.0–0.0 80.461 4 0.00 1195.02

10 m2 1.00 0.00 0.00 0.0–0.0 83.75 4 0.00 1404.92

100 m2 1.00 0.00 0.00 0.0–0.0 107.453 4 0.00 1609.93

1000 m2 1.00 0.00 0.00 0.0–0.0 106.528 4 0.00 848.40

SEM 0.82 0.11 0.17 0.13–0.21 259.49 14 0.00 368.75

Mountain 1 m2 1.00 0.00 0.00 0.0–0.0 193.38 4 0.00 2299.71

10 m2 1.00 0.00 0.00 0.0–0.0 229.064 5 0.00 649.65

100 m2 1.00 0.00 0.00 0.0–0.0 314.19 5 0.00 3734.31

1000 m2 1.00 0.00 0.00 0.0–0.0 289.88 4 0.00 1446.17

SEM 0.94 0.04 0.16 0.13–0.19 1153.43 15 0.00 1818.53

Models are organized by region and scale: Atlantic Coastal Plain (ACP) longleaf-pine woodlands,

Sandhills longleaf pine, Florida longleaf pine, and southern Appalachian mountain forests (Moun-

tain). The comparative fit index (CFI), standardized root mean square residuals (SRMR), and the

root mean square error of approximation (RMSEA), 90 % confidence interval for the RMSEA

(90 % CI), chi-squared value, degrees of freedom (df), p value (p), and Akaike information

criterion (AIC) are presented. The path models for each region had excellent fit based on CFI,

SRMR, and RMSEA, with the exception of the 1 m2 scale Atlantic Coastal Plain model, which had

a marginal fit. SEM models in each region had marginally acceptable fit values
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important at the 1 and 10 m2 scales (Fig. 4). Florida longleaf-pine diversity is best

predicted by pH, iron, manganese, and silt across all scales (Fig. 5). The predict-

ability of diversity decreased with increasingly finer scale in Atlantic Coastal Plain

and Florida longleaf-pine (Figs. 3 and 5), but the Sandhill longleaf-pine path

models showed the opposite relationship, with increasing predictability at increas-

ingly finer scale (Fig. 4).

The refined conceptual model (Fig. 2) was supported when measures of soil

texture would not load on the same latent variable as soil nutrients. Therefore, silt

(and sand in the Florida longleaf pine) was modeled with a separate influence on

diversity. Confirmatory factor analysis with soil nutrients as a latent variable and

separate measured variables for soil texture produced an adequate fit. This base

model was used to build an initial structural equation model based on soil nutrients,

texture, and diversity.

The structural equation models for longleaf pine had moderate fit values

(Table 5, longleaf pine SEM). In the Atlantic Coastal Plain, diversity in longleaf

stands was modeled with soil nutrients having a stronger effect on diversity than

silt. Iron, organic matter, pH, sulfur and nitrogen were all strong predictors of soil

-

-

Fig. 3 Path models of Atlantic Coastal Plain longleaf-pinediversity and soil nutrients at the 1, 10,

100, and 1000 m2 scales. The paths show standardized model estimates. The direction of the arrow
represents the direction of the regression, with x, or observed variables, pointing to y variables on

the right. The strength of the relationship is represented by the weight of the arrow. Solid lines are
significant at the p< 0.005 level; dashed lines are significant at p< 0.10. In Atlantic Coastal Plain

longleaf-pine communities, sulfur and iron were significant at all scales. At the three coarser

scales, pH and nitrogen have significant loadings
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nutrients (Fig. 6). In the Sandhills, soil nutrients and silt also had strong positive

loadings on diversity, but the influence of silt was stronger. Manganese, nitrogen,

and pH were the best indicators of soil nutrients (Fig. 7). Diversity in Florida

longleaf stands was also influenced positively by silt and soil nutrients. Sand was

a very weak indicator of diversity in this model, and iron, calcium, manganese, and

phosphorous were important predictors of soil nutrients (Fig. 8).

Southern Appalachian Mountain Vegetation

The strongest soil correlates of diversity for the mountain plots are summarized in

Table 1. The mountain data demonstrate that pH, manganese, and calcium are

strong correlates of diversity, regardless of the scale of observation, and soil texture

has only a weak correlation with diversity at any given scale (Table 6). Soil cation

exchange capacity (CEC) is also an important correlate at the finer scales. At the

1000 m2 scale, iron, and sulfur were the other notable correlates.

Fig. 4 Path models of diversity in longleaf-pine stands in the Sandhills of North and South

Carolina and soil nutrients at the 1, 10, 100, and 1000 m2 scales. The paths show standardized

model estimates. The direction of the arrow represents the direction of the regression. The strength

of the relationship is represented by the weight of the arrow. Solid lines are significant at the

p< 0.05 level; dashed lines are significant at p< 0.30. In Sandhill longleaf-pine communities, pH,
nitrogen, manganese, and silt have significant loadings at all scales. However, at the 1000 m2 scale,

soil pH and nitrogen were not significant

A Multi-scale Analysis of Plant Diversity Along Soil Nutrient Gradients 435



Path models using the strongest correlates of diversity (Table 1) generated

models with good fit values. Both iron and calcium had insignificant or very

small factor loadings at several scales. The final path models (Fig. 9) have excellent

model fit values based on CFI, SRMR, and RMSEA (Table 5). The path models

suggest that manganese, calcium, and pH are the strongest indicators of diversity at

the 1 m2 scale. At the full-plot scale, manganese and pH were the best measures for

predicting diversity (Fig. 9).

Confirmatory factor analysis using the single-latent-variable model (Fig. 1)

failed to converge. However, confirmatory factor analysis with pH as an indepen-

dent indicator and the other nutrients loading onto a latent variable showed an

adequate fit. This model was then used as the basis of a structural equation model

for soil nutrients, pH, and diversity (Fig. 10). The mountain structural equation

model has a moderate model fit (Table 5, Mountain SEM), accounting for 39 % of

the variation in diversity (Fig. 10). Soil pH loads positively onto diversity, but it is a

strong negative indicator for soil minerals. Soil minerals influence diversity nega-

tively, driven by strong negative indicators (pH, Ca, Mn).

Within-plot variance was calculated for all plots with four soil samples (Table 7).

Soil organic matter, cation exchange capacity, calcium, sulfur, magnesium, and

Fig. 5 Path models of Floridalongleaf-pine communitydiversity and soil nutrients at the 1, 10,

100, and 1000 m2 scales, showing standardized model estimates. The direction of the arrow
represents the direction of the regression. The strength of the relationship is represented by the

weight of the arrow. Solid lines are significant at the p< 0.005 level; dashed lines are significant at
p< 0.10. In Florida longleaf-pine communities, silt, pH, and iron have significant loadings at all

scales. Nitrogen is a significant measured variable at the 1 m2 scale, and manganese is significant at

the three coarser scales
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manganese have variances that are, on average, an order of magnitude larger in the

mountains than in the longleaf-pine plots. The variances of soil pH and base

saturation were the soil variables with the most similar level of within-plot variance

across all regions.

Discussion

The path models indicate that there are consistent indicators of diversity across

scale in both the mountain forests and longleaf-pine woodlands. The path models of

soil and diversity illustrate that soil nutrient indicators differ across scale within

1000 m2 nested plots, but only slightly. In the mountains, sulfur was important at

the intermediate scales (10, 100 m2). In the Atlantic Coastal Plain pine systems,

nitrogen was a strong predictor only at the 1 m2 scale, and pH became insignificant

at this finer scale. It was also difficult to fit a path model with an adequate model fit

at the finest scale (1 m2). This variation in indicators at the 1 m2 scale is probably

-

Fig. 6 Structural equation model for Atlantic Coastal Plain longleaf-pine diversity and soil

nutrients (1000 m2 scale). The direction of the arrows from the latent variable (Soil nutrients)

indicates that this construct is determining the measured values in the field. All other arrows
represent the direction of the regression and influence on other variables. Short arrows into the

measured variables indicate the measurement error. All loadings are standardized and significant

at p<0.001. Iron, sulfur, and organic matter were the strongest indicators of soil nutrients. Silt had

a separate affect on diversity. Soil nutrients had a greater influence on diversity than silt. The

model explained 54 % of the variance in diversity
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Fig. 7 Structural equation model for diversity and soil nutrients in longleaf-pine communities in

the Sandhills of the Carolinas (1000 m2 scale). The direction of the arrows from the latent variable

(Soil nutrients) indicates that this construct is determining the measured values in the field. All

other arrows represent the direction of the regression and influence on other variables. Short
arrows into the measured variables indicate the measurement error. All loadings are standardized

and significant at p<0.001. Manganese and soil pH were the strongest indicators of soil nutrients.

Silt had a separate effect on diversity, which was roughly half the influence of Soil nutrients on

diversity. The model explained 49 % of the variance in diversity

-

Fig. 8 Structural equation model for diversity and soil nutrients in Florida longleaf-pine com-

munities (1000 m2 scale). The direction of the arrows from the latent variable (Soil nutrients)

indicates that this construct is determining the measured values in the field. All other arrows
represent the direction of the regression and influence on other variables. Short arrows into the

measured variables indicate the measurement error. All loadings are standardized and significant

at p<0.001, except for the dotted line, which is significant at p<0.9. Manganese and soil pH were

the strongest indicators of soil nutrients. Silt and sand had separate effects on diversity; however

the loading for sand was both insignificant (p<0.9) and a small number. The model explained

40 % of the variance in diversity
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Fig. 9 Path models of southern Appalachian Mountain community soil nutrients and diversity at

the 1 m2, 10 m2, 100 m2, and 1000 m2 scales showing standardized model estimates. The direction

of the arrow represents the direction of the regression. The strength of the relationship is

represented by the weight of the arrow. Solid lines are significant at the p<0.001 level; dashed
lines are for loadings with p<0.1. In mountain communities, Manganese and pH are the strongest

indicators for diversity at all scales

-

-

-

-

-

Fig. 10 Structural equation model for diversity and soil nutrients in southern Appalachian Moun-

tain communities (1000 m2 scale). The direction of the arrows from the latent variable (Soil

nutrients) indicates that this construct is determining the measured values in the field. All other

arrows represent the direction of the regression and influence on other variables. Short arrows into
the measured variables indicate the measurement error. All loadings are standardized and significant

at p< 0.001.Manganese, calcium and iron were the strongest indicators of soil nutrients. Soil pH had

a separate effect on diversity. The model explained 39 % of the variance in diversity

440 B.E. Wheeler and R.K. Peet



T
a
b
le

7
A
v
er
ag
e
w
it
h
in
-p
lo
t
v
ar
ia
n
ce

o
f
so
il
ch
ar
ac
te
ri
st
ic
s
b
y
re
g
io
n

R
eg
io
n

O
rg
a
n
ic

so
il
P
H

C
E
C

B
a
se
S
a
t

S
P

C
a
_
p
p
m

M
g
_
p
p
m

K
_
p
p
m

N
a
_
p
p
m

A
C
P
lo
n
g
le
af

4
.7
3

0
.0
8

6
.1
0

3
3
.3
4

2
4
.5
0

1
9
2
.3
6

2
7
8
5
1
.4
9

3
0
8
.8
6

1
3
3
.1
0

6
6
.9
9

S
H

lo
n
g
le
af

5
.0
0

0
.0
5

1
.7
1

2
5
.4
8

2
7
.8
3

7
.1
3

7
6
2
8
.9
2

1
4
1
.2
0

8
1
.4
7

3
.7
8

F
L
lo
n
g
le
af

5
.2
8

0
.0
6

3
.5
2

3
5
.4
2

1
3
.6
8

1
8
1
.1
7

2
9
0
1
5
.1
9

2
9
8
.0
8

4
9
.1
5

1
5
3
.4
2

M
o
u
n
ta
in

7
9
.4
2

0
.0
8

1
8
.4
7

3
9
.0
3

1
0
6
.3
2

7
7
.8
3

1
2
1
6
8
5
.6
8

3
1
6
1
.6
5

7
8
2
.0
7

8
.5
9

R
eg
io
n

%
C
a

%
M
g

%
K

%
N
a

%
O
th
er

F
e_
p
p
m

M
n
_
p
p
m

A
C
P
lo
n
g
le
af

2
9
.3
0

2
.0
9

0
.4
2

0
.6
1

0
.2
9

1
7
6
5
.2
0

3
5
.6
0

S
H

lo
n
g
le
af

2
0
.7
4

2
.3
5

0
.3
8

0
.1
5

0
.2
0

1
4
8
5
.5
1

3
5
2
.7
2

F
L
lo
n
g
le
af

3
1
.4
1

3
.5
7

0
.4
9

1
.0
5

0
.2
2

1
8
2
4
.2
4

2
0
1
.8
2

M
o
u
n
ta
in

3
3
.4
7

6
.0
3

1
.3
2

0
.2
0

0
.2
9

3
3
3
0
.0
6

1
4
6
3
.7
1

T
h
is
ta
b
le

d
ep
ic
ts
th
e
v
ar
ia
n
ce

in
so
il
ch
ar
ac
te
ri
st
ic
s
w
it
h
in

A
tl
an
ti
c
C
o
as
ta
l
P
la
in

lo
n
g
le
af
-p
in
e
p
lo
ts
(A

C
P
lo
n
g
le
af
),
lo
n
g
le
af

p
in
e
in

th
e
S
an
d
h
il
ls
o
f
th
e

C
ar
o
li
n
as

(S
H

lo
n
g
le
af
),
F
lo
ri
d
a
lo
n
g
le
af

p
in
e
(F
L
lo
n
g
le
af
),
an
d
so
u
th
er
n
A
p
p
al
ac
h
ia
n
M
o
u
n
ta
in
s
(M

o
u
n
ta
in
)
p
lo
ts
.
S
o
il
ch
ar
ac
te
ri
st
ic
s
in
cl
u
d
e
o
rg
an
ic

m
at
te
r
(O

rg
an
ic
),

so
il
p
H

(s
o
il
P
H
),
so
il
ca
ti
o
n
ex
ch
an
g
e
ca
p
ac
it
y
(C
E
C
),
b
as
e
sa
tu
ra
ti
o
n
(B
as
eS
at
),

an
d
n
u
tr
ie
n
ts

in
ei
th
er

p
ar
ts

p
er

m
il
li
o
n
(p
p
m
)
o
r

p
er
ce
n
ta
g
es
.
T
h
e
v
ar
ia
n
ce

in
o
rg
an
ic

m
at
te
r,
ca
ti
o
n
ex
ch
an
g
e
ca
p
ac
it
y
,
su
lf
u
r,
ca
lc
iu
m

(p
p
m
),
m
ag
n
es
iu
m

(p
p
m
),
an
d
m
an
g
an
es
e
(p
p
m
)
ar
e
an

o
rd
er

o
f

m
ag
n
it
u
d
e
la
rg
er

in
th
e
m
o
u
n
ta
in
s
th
an

in
ea
ch

o
f
th
e
lo
n
g
le
af

re
g
io
n
s.
T
h
e
v
ar
ia
n
ce
s
o
f
so
il
pH

,
an
d
b
as
e
sa
tu
ra
ti
o
n
,
w
er
e
th
e
v
ar
ia
b
le
s
w
it
h
th
e
m
o
st
si
m
il
ar

le
v
el

o
f
w
it
h
in
-p
lo
t
v
ar
ia
n
ce

ac
ro
ss

al
l
re
g
io
n
s

A Multi-scale Analysis of Plant Diversity Along Soil Nutrient Gradients 441



due to the lack of nesting of the soil samples at this finer scale, which is consistent

with the results that the models using 0.1 and 0.01 m2 measures of richness had poor

fit or did not converge. However, in the longleaf-pine communities, this may also be

due to fine-scale variation in soil nutrients and plant mortality caused by frequent

fire. Fire is inherently patchy, resulting in fine-scale variation in intensity and

nutrient availability across the landscape from place to place and year to year.

Binkley et al. (1992) pointed out the high level of variability in mineral soils in

longleaf-pine systems and called for more precise soil measurements within plots.

In addition, our data lack a good indicator of soil moisture, but iron, organic matter

and nitrogen may track the moisture gradient collectively (Peet et al. 2014).

As anticipated, texture was significant consistently across scales in the longleaf

systems. Silt was a strong indicator at most scales. Clay was a weak indicator across

all scales and systems, perhaps because few longleaf sites have soils with high clay

content, thereby reducing the range of variation. Silt has been used previously to

classify longleaf-pine communities (Peet 2006; FGDC 2013), suggesting that it is

important in these systems. Silt and sand also had inverse relationships with species

richness, with sand negatively correlated with diversity and silt positively related to

diversity. When modeling species diversity in longleaf-pine woodlands, the con-

ceptual model with separate texture and nutrient variables (Fig. 2) was more

effective at capturing the relationship than was a simple soil-characteristics

model (Fig. 1). Subsequent work analyzing herbaceous diversity in longleaf sys-

tems indicated that principle component analysis axes of environmental variables

corresponding to soil moisture and soil texture are important in determining

richness of the herbaceous layer (Peet et al. 2014). The key variables loading on

these axes were bulk density, sulfur, organic matter aluminum, iron, clay, sand, and

silt. With the exception of bulk density and the inclusion of only silt and/or sand as a

proxy for soil texture, these variables were all key indicators in at least one of the

longleaf structural equation models. However, the structural equation models

produced here indicate that the soil variables that predict diversity most closely

vary with the specific physiographic regions of longleaf pine.

The results from the mountain models match our expectations. Manganese, pH

and calcium were consistently strong predictors, as observed by Peet et al. (2003)

and Newell and Peet (1998). This also matches closely the results of the principle

components analysis for the herbaceous species richness in southern Appalachian

forests by Peet et al. (2014), in which base cation availability, including soil pH,

cation exchange capacity, calcium, magnesium, and manganese, was the primary

correlate of diversity. Texture does not seem to be an important indicator of

diversity in this region. Because the variance of calcium and cation exchange

capacity within plots in the mountains was higher than in the longleaf-pine plots

(Table 7), the higher within-plot variation in calcium is probably adding to the

importance of these variables in the mountains.

The initial soil structural equation models predict diversity well in both the

longleaf-pine and mountain communities. Soil nutrients, modeled by calcium,

manganese, iron, and phosphorous, along with pH, are the key predictors of

diversity in mountain communities. A similar model is effective in all longleaf-
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pine communities: both soil nutrients and silt influenced diversity positively. Soil

pH is a key indicator in both longleaf-pine communities and the southern Appala-

chian Mountains. Silt modeled the influence of soil texture effectively across all

longleaf pine regions. However, a more detailed examination of the soil nutrient

variation within plots, including fully nested soil samples, would add to our

understanding of the influence of soil on diversity and the effect of scale of

observation.

The structural equation models for both longleaf-pine and mountain communi-

ties suggest that this modeling approach and conceptual model could be applied

effectively to other regions in order to further understanding of the influence of soil

attributes on diversity. Specifically, this methodology could be applied: (1) to

generate and test theoretical models of how soil attributes influence diversity and

whether those impacts are direct or indirect; and (2) to confirm regional or com-

munity classifications that are based in part on soil attributes.

These findings demonstrate that soil characteristics vary closely with plant

species richness. Further study of the within-plot variation in soil nutrients and

texture would add to our understanding of how particular soil characteristics

influence diversity. Manganese is a particularly strong but unexplained predictor

and may be a surrogate for soil weathering or for phosphorous availability. In

Atlantic Coastal Plain longleaf-pine communities, it is likely that iron and sulfur

function as surrogates for water availability. Future research should focus on why

these variables are meaningful and how soil nutrient availability influences

diversity.
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