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Abstract This study examined tissue nutrient responses
of Desmodium nudiflorum to changes in soil total inorganic
nitrogen (TIN) and available phosphorus (P) that occurred
as the result of the application of alternative forest man-
agement strategies, namely (1) prescribed low-intensity fire
(B), (2) overstory thinning followed by prescribed fire
(T + B), and (3) untreated control C), in two Quercus-
dominated forests in the State of Ohio, USA. In the fourth
growing season after a first fire, TIN was significantly
greater in the control plots (9.8 mg/kg) than in the B
(5.5 mg/kg) and T + B (6.4 mg/kg) plots. Similarly,
available P was greater in the control sites (101 pg/g) than
in the B (45 pg/kg) and T + B (65 pg/kg) sites. Leaf
phosphorus ([P]) was higher in the plants from control site
(1.86 mg/g) than in either the B (1.77 mg/g) or T + B
plants (1.73 mg/g). Leaf nitrogen ([N]) and root [N]
showed significant site—treatment interactive effects, while
stem [N], stem [P], and root [P] did not differ significantly
among treatments. During the first growing season after a
second fire, leaf [N], stem [N], litter [P] and available soil
[P] were consistently lower in plots of the manipulated
treatments than in the unmanaged control plot, whereas the
B and T + B plots did not differ significantly from each
other. N resorption efficiency was positively correlated
with the initial foliar [N] in the manipulated (B and T + B)
sites, but there was no such relation in the unmanaged
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control plots. P resorption efficiency was positively corre-
lated with the initial leaf [P] in both the control and
manipulated plots. Leaf nutrient status was strongly influ-
enced by soil nutrient availability shortly after fire, but
became more influenced by topographic position in the
fourth year after fire. Nutrient resorption efficiency was
independent of soil nutrient availability. These findings
enrich our understanding of the effects of ecosystem res-
toration treatments on soil nutrient availability, plant
nutrient relations, and plant—soil interactions at different
temporal scales.
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Introduction

Dormant season fire and alteration of the woody plant
assemblage have been used in many ecosystems for forest
management and restoration. Although such management
activities typically focus on vegetation and vertebrate
animals, prescribed fire can also affect soil characteristics
in a variety of ways, depending on the intensity of the fire,
microclimate, and time interval between fires. In deciduous
forests of eastern North America, fire usually decreases
long-term soil nutrient availability through volatilization,
leaching, and vigorous plant uptake, whereas over the short
term, the availability of many nutrients (especially nitro-
gen, N) may increase, usually as a result of stimulating N
mineralization (Raison 1979; Boerner 1982). In the
strongly dissected and complex landscapes of the Appala-
chian Mountains of eastern North America, the interactions
of fire behavior and landscape structure produce complex
patterns of short-term fire effects and may not, therefore, be
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predictable on an a priori basis in all cases (Boerner et al.
2000).

Consistent with the short-term effect of fire on soil
nutrient availability being somewhat site-specific, empiri-
cal studies have provided conflicting results on the effects
of fire on plant tissue nutrient concentrations after a fire
(Christensen 1977; Boerner 1986; Reich et al. 1990; Kru-
ger and Reich 1997; Adams and Rieske 2003). Dormant
season treatments usually do not affect herbaceous peren-
nial plants until those plants emerge the following spring
and are exposed to the changes in resource availability
caused by the dormant season treatments. Plants are as-
sumed to respond to the altered light and soil conditions by
altering tissue nutrient concentrations and nutrient resorp-
tion efficiency; however, inconsistent results among studies
make it impossible to draw a general conclusion on how
tissue nutrient concentrations change in the aftermath of
fire.

Nutrient resorption from senescing leaves is of consid-
erable adaptive significance (Aerts 1990; Boerner 1986;
Chapin and Moilanen 1991). The nutrients that are re-
sorbed during senescence are directly available for further
plant growth, thus making the plant less dependent on
current nutrient uptake (Aerts and Chapin 2000). Forest
management activities may result in altered nutrient
availability, and hence act as a selective pressure on plant
nutrient conservation strategies (e.g., resorption effi-
ciency); however, little is known about the impact of these
management treatments on nutrient resorption efficiency
(but see Latty et al. 2004).

Studies examining relationship between soil nutrient
availability and foliar nutrient resorption have provided
mixed results. Some report that N and/or phosphorus (P)
resorption efficiency were greater on sites low in nutrient
availability (Boerner 1984; Shaver and Mellillo 1984;
Aerts and Caluwe 1994), while others report weak or non-
existent relationships between nutrient resorption effi-
ciency and soil nutrient availability (Schlesinger et al.
1989; Bowman et al. 1995). In contrast, resorption effi-
ciency was generally assumed to decline with increasing
leaf nutrient status, both within and among species (Kobe
et al. 2005). If fire were to increase soil nutrient availability
and foliar nutrient concentration, and nutrient resorption
efficiency was inversely related to soil nutrient availability,
we should expect nutrient resorption efficiency to decrease
after fire.

Although a considerable body of literature exists on
the effects of fire on soil characteristics (reviews by Ice
et al. 2004; Boerner 2006) and on plant responses to fire,
few studies have employed experimental approaches that
permit the simultaneous evaluation of the effects of
prescribed fire and overstory thinning on soil nutrient
availability, plant tissue nutrient concentrations, nutrient
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resorption efficiency, and the linkages among them.
Thus, the specific objectives of this study were: (1) to
examine the effects of prescribed fire alone or combined
with thinning on soil nutrient availability and nutrient
status in Desmodium nudiflorum at several spatial and
temporal scales, and (2) to relate plant nutrient concen-
tration and nutrient resorption efficiency with soil total
inorganic nitrogen (TIN), available P and topographic
position.

Material and methods
Study sites and plant species

This study was carried out in the mixed oak forests of
Zaleski State Forest (82°37'W, 39°35’N) and the Raccoon
Ecological Management Area (REMA) (82°39'W,
39°20'N) study sites on the unglaciated Allegheny Plateau
of southern Ohio, USA. The climate of the region is cool,
temperate and continental, with a mean annual tempera-
ture of 11.3°C and annual precipitation totaling 1024 mm.
The sites are underlain predominantly by sandstones and
shales of Pennsylvanian Age. Soils are mostly loams and
silt loans that are acidic and well drained (Sutherland and
Hutchinson 2003). These sites are typical of oak-domi-
nated stands in the eastern deciduous forest of North
America.

Desmodium nudiflorum (L.) DC (Fabaceae), a native
perennial legume, was selected because it was abundant in
the study areas (frequency was >40%, Hutchinson et al.
2005) and occupied habitats across the light and nutrient
gradients produced by the strongly dissected landforms.
The aboveground parts senesce during the autumn, and
leaves typically do not emerge until May. Dormant season
(March—April) low-intensity fire generally has no direct
effect on D. nudiflorum plants since little or no heat pro-
duced by the fires penetrates into the mineral soil to the
depth where the overwintering buds and rootstocks are.
Mature plants produce a whorl of trifoliate leaves, each 5—
10 cm long. Plants usually have one infertile and one or
two fertile stems. Adult plants of D. nudiflorum range in
height from 13 to 30 cm, with a plant dry biomass of
approximately 4 g. In the field, flowering starts in early
August. Each flower is short-lived, but within an inflores-
cence, flowers can develop sequentially. Loments form in
late August, and two to three seeds are usually produced
per loment. Each plant can produce 2-50 seeds. One half
of the seeds commonly have under-developed embryos (the
embryo is flat and shorter than half of the seed length). A
fully developed seed weights approximately 10 mg. Fruit
coats are covered with abundant sticky trichomes, which
facilitate seed distribution by sticking to animals’ fur.
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Field methods

The study sites were part of larger Ohio Hills Site of the
National Fire and Fire Surrogate Network Study (FFS;
http://www.ffs.fed.us). The original experiment design has
randomly assigned control (C), burn (B), thin (T), and thin
plus burn (T + B) units of 20-30 ha each in three areas of
southern Ohio (Tar Hollow State Forest, Zaleski State
Forest, and the Raccoon Ecological Management Area)
(n = 3 per treatment and n = 12 for the full study). Each
treatment unit included the full range of topographic relief.
Within each treatment unit, ten permanent 0.1-ha
(20 x 50 m?) plots were randomly chosen and permanently
located by Global positioning system (GPS).

Each treatment unit was also divided into cells of
30 x 30 m2, and each cell within each treatment unit was
assigned a landscape position metric derived from a Geo-
graphic Information System (GIS)-based integrated mois-
ture index (hereafter, IMI) developed by Iverson et al.
(1997) for this region. Soil moisture levels are higher
where direct solar radiation is minimized, in lower posi-
tions on slopes or in depressions, and in soils capable of
storing large amounts of water. Therefore, the IMI scores
were achieved through integration of elevation, aspect, hill
shade profile, solar radiation potential, downslope flow
accumulation, soil depth, soil water holding capacity, and
surface curvature profile (Iverson et al. 1997).

The T and T + B units were thinned during late fall
2000 and early spring 2001, and the B and T + B units
were burned in early April 2001 and again in March 2005.
Thinning from below removed an average of 27.9% of the
basal area and left an average of 20.9 m*ha in residual
basal area (D. Yaussy, USDA Forest Service, personal
communication). Trees were cut by chainsaw, limbed at the
felling site, and removed with rubber-wheeled skidders.
Slash was broadcast across the study site to minimize the
impact of the additional fine woody debris. No skid trails
impacted the permanent sampling plots (Boerner et al.
2006). The low-intensity dormant season spring fires were
heterogeneous within and across sites, but flames rarely
exceeded 2 m in height. Fire consumed unconsolidated leaf
litter and fine woody fuels while leaving the majority of the
coarse woody fuels only charred.

For this study, we sampled three treatment units (con-
trol, B, T + B) in two of the study sites (Zaleski and
REMA). From mid-July to late August 2004, we randomly
chose seven to nine plots from the ten permanent plots in
each unit. From early June to late July of the 2005
growing season, six plots were randomly chosen from the
ten permanent plots in each unit. Within each plot, three to
five plants of D. nudiflorum were selected using the fol-
lowing criteria: (1) plants were at least 8 m apart to avoid
cluster effect, and (2) sampling newly emergent seedlings

and individuals with two or more infertile stems was
avoided. Each whole plant was carefully excavated and
brought to the laboratory. Soil samples were taken at the
same time as when the plants were sampled. Samples of
approximately 100 g of mineral soil were taken by
removing the unconsolidated litter layer (Oi, Oe) and
sampling the underlying (fragmentary) Oa and well-
developed A horizon with a trowel. Soils were sampled at
each corner of the plots in 2004 and sampled near the
target plant individuals in 2005. In order to collect fresh
litter of D. nudiflorum, we bagged the leaves of at least
four plants per plot using 2-cm mesh nylon bag from late
August to early September in 2005. Litter harvest was
coordinated with the peak of leaf drop of this herb in early
November.

Nutrient resorption efficiency can be expressed either on
a leaf area basis or mass basis. Since senescent leaves of D.
nudiflorum quickly become folded and shrunken, the leaf
area of the senescing leaves would be underestimated.
Therefore, in estimating the percentage of N resorbed prior
to leaf abscission, N was expressed per unit mass rather
than per unit leaf area. Nutrient resorption efficiency from
senescing leaves was calculated as:

NRE = [(Nufre - Nusen)/Nufre x 100

where NRE is nutrient resorption efficiency; Ny, is the
N (or P) concentration of fresh leaves sampled in 2005
summer; Ny, is the N (or P) concentration of leaf litter
collected in November 2005.

Laboratory methods

Lamina, stem, rachis, and root were separated and oven-
dried at 70°C for 2-3 days and then weighed. The dried
lamina, stem (stem and rachis), and root were subsequently
ground and digested using H,SO, and H,O,. The soil
samples were air dried for more than 1 week and passed
though a 2-mm sieve. Subsamples of approximately 15 g
were extracted in 40 ml of 0.5 M K,SO, and then analyzed
for NH; and NO3 using microtiter methods (Sims et al.
1995). Total inorganic N was calculated as the sum of NO3
and NH}. As NH; and NOj3 concentrations in these soils
vary in parallel, with NH comprising 70-100% of the
inorganic N, we chose to represent inorganic N availability
as the sum of the two ions. Soil and tissue P concentrations
were determined using the stannous chloride method
(APHA 1976).

Statistical analysis

All soil and plant variables were averaged for each plot,
and plot means were then analyzed as response variables
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using mixed-model (PROC MIXED) analysis of variance
(ANOVA) (SAS Institute 2001). We considered 2004 as
the fourth growing season after the first fire and 2005 as
the first growing season after the second fire, and ana-
lyzed these independently instead of using repeated
measures methods. Sampling site, treatment, and the
interaction between these two factors were included as
fixed effects. IMI scores were included as covariate.
Plots, which represented the experiment units, were
considered to be replications. Least square means were
used to test for significant treatment differences. In the
case where there was a significant treatment-by-site ef-
fect, a posteriori least squares mean separation with the
Tukey correction was used to test for differences among
treatments and years. Pearson correlations were employed
to test the relationships between plant nutrient concen-
tration and soil nutrient availability. Plant nutrient
resorption efficiency was regressed on soil nutrient
availability or initial leaf nutrient concentration by linear
and quadratic regression.

Structural equation models were used to link the soil
conditions and plant leaf nutrient concentration using
AMOS 6.0 software (SPSS, Chicago, I1l.). Site and treat-
ment were included as categorical variables with special
care. Previous studies in this area have shown that many of
the physiological responses of this herb to burning alone
did not differ significantly from those to burning combined
with thinning (Huang et al. 2007b). Therefore, the treat-
ments were coded as 0 and 1 for control and fire manipu-
lation (B and T + B), respectively. The maximum

likelihood estimation method was used to estimate the
goodness of fit.

Results

Treatment effects during the fourth growing season
after first burning (2004)

There were significant treatment effects and treatment-by-
site interactive effects on leaf [N] and root [N] (Table 1).
At REMA, plants in control (C) plots had higher leaf [N]
than those inT + B plots; in contrast, there were no such
significant differences at Zaleski (Fig. 1a). T + B plants
had higher root [N] than B plants at REMA (Fig. 1b). The
leaf N:P ratio was similar among the different treatments at
both sites; however, it tended to decrease after burning
(with or without thinning) at REMA, while it tended to
increase after the fire manipulation at Zaleski. The only
significant difference was that B plants at Zaleski had a
significantly higher N:P ratio than T + B plants at REMA
(Fig. 1d). Leaf [P] was consistently higher in C plants than
in either B or T + B plants, whereas plants from the latter
two treatments did not differ significantly (Fig. 1c).

Soil nutrient pools also exhibited substantial differences
among treatments. Soil TIN and available P were consis-
tently higher in control plots than in B or T + B plots
(Table 2). Despite significantly reduced soil nutrient
availability after treatment, stem [N], stem [P], and root [P]
did not differ significantly among treatments (Table 1).

Table 1 Results of ANCOVAs" comparing the effects of different silvicultural treatments on soil nutrient availability and plant nutrient

concentration
Parameter Fourth growing season after fire First growing season after second fire
Treatment Treatment—site IMI covariate” Treatment Treatment—site IMI covariate
interaction interaction

Leaf N 4.03* 6.04%* 15.25%%%* 27.55%%% 1.11 0.79
Stem N 0.44 2.57 3.07 4.35% 1.39 1.25
Root N 4.92% 3.47* 2.79 0.16 0.11 0.07
Leaf P 3.34* 1.11 11.88%** 21.53%#%%* 3.33* 0.39
Stem P 1.29 0.57 1.98 4.06* 4.43%* 0.14
Root P 0.82 1.87 1.41 2.50 2.71 2.72
Leaf N:P ratio 0.58 7.14%* 0.29 0.47 1.01 0.01
Total inorganic N 6.60** 2.30 10.28** 5.12% 4.02% 341
Available P 4.63* 2.78 0.32 7.91%* 1.42 2.44
Soil N:P ratio 1.18 1.18 3.96 0.16 1.82 0.16

*P < 0.05, ##P < 0.01, ***P < 0.001

* The F values are presented for effects of treatment, treatment—site interaction and the IMI covariate. Plants were sampled in 2004 (fourth
growing season after fire) and 2005 (first growing season after second fire)

® IMI, Integrated moisture index
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Fig. 1 Effects of silvicultural
treatments in 2004 on leaf N (a),
root N (b), leaf P (¢), and leaf
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Table 2 Responses of soil nutrient availability to different silvicultural treatments®

Treatment Fourth growing season after fire First growing season after second fire
Total inorganic N (mg/kg) Soil P (pg/kg) Total inorganic N (mg/kg) Soil P (ng/kg)
REMA Zalaski
C 9.75(1.12) b 100.70(19.60) b 22.49(3.44) b 22.74(4.61) ab 609.8(74.9) b
B 5.52(0.68) a 45.19(6.25) a 11.91(2.19) ab 14.91(1.62) ab 339.8(21.8) a
T+B 6.39(0.91) a 65.19(7.71) ab 20.67(3.39) ab 8.58(0.96) a 361.9(43.5) a

? Data are given as the mean and standard error (in parenthesis). When treatment-site interactions were not significant, the two different sites
were pooled. Since total inorganic N (TIN) in 2005 was significantly affected by the treatment—site interactions, means with SE for each site are
presented. Different letters in each column indicate significant differences (P < 0.05)

Treatment effects during the first growing season after
repeated burning (2005)

C plants had higher leaf [N] and litter [P] than both B and
T + B plants (Figs. 2a, 3b). Similarly, stem [N] was greater
in C plants than in B plants (Fig. 2b). Litter [N], Leaf [P],
stem [P], and soil TIN were all affected significantly by the
interactive effect of treatment and site during the first
growing season after the second fire (Tables I, 3). At
REMA, litter [N] was higher in C plants than in plants from
the other two treatments, and C plants had higher leaf [P]
than B plants; however, stem [P] and soil TIN were not
affected significantly by the treatments at REMA. At Zal-
eski, litter [N] and soil TIN were not affected significantly
by the second fire. In contrast, T + B plants had lower leaf
[P] and stem [P] than C plants (Fig. 2). Across these two
study sites, leaf [N], stem [N], litter [P] and available soil
[P] were consistently lower in plots from manipulated

treatments than in those of the unmanaged control, whereas
plots from B to T + B did not exhibit significant fire ef-
fects.

N resorption, P resorption, root [N], root [P], and the
leaf N:P and soil N:P ratio were not affected significantly
by treatment, site, and/or IMI (Tables 1, 3). However, we
found that the manipulative treatments changed the rela-
tionship between N resorption rate and initial leaf [N]. In
the unmanaged control plots, there was no significant
relationship between N resorption rate and initial leaf [N].
In contrast, N resorption efficiency was positively corre-
lated with the initial foliar [N] in the manipulated (B and
T + B) sites [N resorption (%) = —17.6 + 1.88 N (mg/g),
P = 0.322, P = 0.004]. When all plots were pooled, there
was a significant quadratic trend (P = 0.014, Fig. 4a).

When B and T + B plots were pooled, P resorption
efficiency was positively correlated with the initial leaf [P]
in the manipulated plots. In C sites (when one plot near
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Fig. 2 Effects of silvicultural
treatments in 2005 on leaf N (a),
stem N (b), leaf P (c¢), and stem
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ridge that appeared to be an outlier was removed) we also
observed similar positive correlation. However, at any
given leaf [P], P resorption efficiency was lower in C plots
where light was more limited, and the manipulated plots
were visually separated from the C plots on the efficiency/
availability graph (Fig. 4b). Moreover, N resorption effi-
ciency and P resorption efficiency were positively corre-
lated (P < 0.001, Fig. 4c¢).

Linkage between soil conditions and plant leaf nutrient
concentration

Plant nutrient concentration, especially leaf nutrient con-
centrations, were strongly and significantly correlated with
soil TIN and available P (Table 4). During the fourth
growing season following the first fire, leaf [N], and [P]
were strongly correlated with IMI, and leaf [N], leaf [P],
and root [P] were strongly correlated with soil TIN. In
contrast, during the first growing season after the second
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fire, IMI was not significantly correlated with any leaf
nutrient parameters, whereas soil TIN and available P were
still highly correlated with leaf [N] and [P].

N and P resorption efficiencies were not significantly
correlated with soil nutrient availability, either when all
sites were pooled or when each treatment was considered
individually (Table 4; Fig. 4d, e). In addition, leaf [N] and
[P] resorption were not significantly correlated with IMI
(Tables 3, 4).

We utilized structural equation modeling to further
clarify the effects of fire, site, and pre-treatment landscape
position effects on post-treatment soil nutrient availability,
leaf nutrient concentrations, and the links among them. In
this model, we assumed that variations in soil nutrient
availability were causally linked to variations in plant
tissue nutrient concentrations. The hypothesized model
provided a good fit to both long-term and short-term data
(Fig. 5). In 2004, the fourth growing season after burning,
plant tissue nutrient concentrations were strongly affected
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Fig. 4 Relationship between N 70 70
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by IMI, treatment, and site, but not by soil nutrient avail-
ability. The submodel for plant tissue nutrient concentra-
tions was strong (> = 0.93), and of those independent
variables that were linked significantly with plant tissue
nutrient concentrations, IMI had the greatest standardized
regression weight (b = 0.81). The submodel for soil
nutrient availability in 2004 was not as strong as the plant
tissue submodel (r2 = 0.43), and variations in soil nutrient
availability were linked significantly to treatment and IMI
but not site.

In 2005, the first growing season after the second fire,
plant tissue nutrient concentrations were strongly affected
by treatment and soil nutrient availability, but independent
of both IMI and study site (model P = 0.96). Thus, the
strong linkage among landscape position (IMI), soil nutri-
ent availability, and plant tissue nutrient concentrations we

observed during the fourth year after the initial treatment
was not present the first year after a second burning
treatment.

Discussion
Soil nutrient availability

In our study, fire alone or combined with thinning reduced
soil N and P availability, both in the short term (2 months
after repeated fire) or over the long term (>3 year following
a single fire). Previous studies have shown that fire often
reduces long-term soil nutrient pools (Vance and Hender-
son 1984; Monleon et al. 1997). This reduction can be the
result of direct volatilization, post-fire leaching of ash,
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Table 3 Results of ANCOVAs" comparing effects of different
silvicultural treatments on litter nutrient concentration and nutrient
resorption efficiency

Parameter First growing season after second fire
Treatment Treatment-site interaction IMI covariate
Litter N 15.00%**  4,09% 4.73*
N resorption 0.50 2.54 1.53
Litter P 13.33%** 171 4.31*
P resorption 1.63 1.69 1.88

*P < 0.05, ##P < 0.01, ***P < 0.001

? The F values are presented for effects of treatment, treatment—site
interaction and IMI covariate

altered soil surface microclimate, and changes in soil
microbial activity. In contrast, low-intensity ground fire
may have a positive effect on short-term nutrient avail-
ability or, in some cases, no detectable effect at all (Bo-
erner 1982, 2006). Fire increases soil temperature through
its effect on surface conditions, and it stimulates post-fire
microbial N fixation and mineralization, all of which may
increase soil N availability (Raison 1979; Boerner 1982;
Wan et al. 2001). In addition, inorganic N can also be
released directly to soil when the fire temperature is not
high enough to result in direct volatilization. Thus, if
nutrient availability did increase following either of the
fires in our study sites, any increases that did occur must
have disappeared within 2 months.

In southern Appalachian oak-hickory forests, the con-
sequences of burning on TIN are determined by the site-
specific circumstances under which burning occurred.
Boerner et al. (2000) found that both fire behavior and
landscape position had major impacts on post-fire soil

N. At a site which burned at relatively greater intensity, soil
N mineralization and TIN both decreased after fire,
whereas at a less intensely burned site, fire resulted in in-
creased TIN in the soils in some landscape positions. These
authors concluded that the pattern and magnitude of change
in soil inorganic N may be determined by complex inter-
actions among site (landscape) factors and fire behavior,
and may not, therefore, be predictable on an a priori basis
in all cases.

Plant nutrient concentration

Fire can affect plant nutrient status through changes in soil
nutrient availability, canopy light penetration and direct
damage to the root system. Many previous studies have
shown that fire either increased or had no effects on foliar
nutrient concentrations (Christensen 1977; Gilliam 1988;
Reich et al. 1990; Kruger and Reich 1997; Adams and
Rieske 2003). In contrast, our results showed that fire alone
or combined with thinning decreased the foliar nutrient
concentration both 2 months and 4 years after fire. We
attributed these results to two factors. First, unlike many
prior studies, in this site both fire alone and the combina-
tion of thinning and fire resulted in decreased short-term
and long-term soil nutrient availability. Second, this herb
exhibits enhanced photosynthetic rate per unit leaf area and
greater leaf and total biomass in B and T + B plots relative
to the C plots (Huang et al. 2007b); therefore, the greater
leaf biomass production in burned areas may have resulted
in reduced nutrient concentrations even if absolute uptake
had increased.

Structural equation modeling (SEM) has been recog-
nized as a powerful tool to explore causational mechanisms

Table 4 Pearson correlation coefficients for the relation between plant nutrient concentration and soil nutrient availability

Parameter Fourth growing season after fire First growing season after second fire
IMI Total inorganic N (TIN) Soil P Soil N:P ratio IMI TIN Soil P Soil N:P ratio

Leaf N 0.48%** 0.37%* 0.12 0.24 0.23 0.55%** 0.66%** -0.11
Stem N 0.29% 0.26 -0.09 0.29% -0.23 0.28 0.34% 0.05
Root N 0.21 0.40%* 0.10 0.11 -0.10 0.02 0.14 -0.11
Leaf P 0.46%** 0.20 0.23 -0.06 0.27 0.47%* 0.41% 0.07
Stem P 0.20 0.27 0.03 0.04 0.16 0.34* 0.17 0.13
Root P 0.20 0.28* 0.11 -0.01 -0.30 0.15 0.25 -0.10
Leaf N:P ratio 0.06 0.19 -0.09 0.28 -0.13 —-0.02 0.16 -0.20
Litter N 0.28 0.30 0.28 0.14
N resorption -0.15 0.03 0.16 -0.27
Litter P 0.29 0.37% 0.25 0.24
P resorption -0.12 -0.07 0.06 -0.23

*P < 0.05, #*P < 0.01, ***P < 0.001
n = 49 plots in 2004 and n = 36 plots in 2005
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Fig. 5 Structural equation modeling of the relationship between soil
chemistry and plant nutrient in combining site, integrated moisture
index (IMI), and treatment effects in 2004 (a), and 2005 (b). Ovals are
latent variables, rectangles are observed variables; standardized
regression coefficients for regression linkages and squared multiple
correlations for effect variables are indicated. *P < 0.05, **P < 0.01,
*##%P < 0.001. The goodness-of-fit for a was chi-square = 5.792,
df =8, P value =0.671, GFI =0.968, RMSE < 0.001; b chi-
square = 10.599, df =28, P value = 0.250, GFI =0.927,
RMSE = 0.096

in ecological data (Grace and Keeley 2006; Vile et al.
2006). Our SEM indicated that fire alone or combined with
thinning had significant impacts on soil nutrient availability
and plant nutrient concentrations both in the short term and
over the long term; however, the SEM also suggested that
the mechanisms underlying the short- and long-term link-
age changes may have differed. Two months after fire,
SEM indicates that the treatments had indirect effects on
plant nutrient mediated through the effects of the treat-
ments on soil nutrient availability. Even though fire influ-
enced long-term soil nutrient availability and leaf nutrient
concentrations, the variations in leaf nutrient characteris-
tics could not be directly linked to soil nutrient dynamics.
Other factors, such as an altered light regime after fire and/
or thinning or interactions between the treatments and

landscape position, may have been more important in
controlling leaf nutrient concentrations than the proximate
changes in soil nutrient availability.

We used the integrated moisture index (IMI) metric of
Iverson et al. (1997) to describe landscape-scale, topo-
graphically generated variations in long-term soil moisture
potential in these dissected study areas. Structural equation
modeling demonstrated that neither foliar nutrient con-
centrations nor soil nutrient availability varied significantly
along these gradients 2 months after fire (i.e., IMI was
uncorrelated with tissue and soil nutrients in 2005). In
contrast, after the initial effects of the fire on forest floor
microclimate had dissipated, the importance of gradients of
temperature and moisture became more important, and
both soil nutrient availability and foliar concentrations
came under the control of those gradients once again (i.e.,
soil nutrient availability and foliar concentrations were
correlated with IMI in 2004).

What role temporal variations in the rate of N-fixation
by rhizobial symbionts of D. nudiflorum might play in
this is, at this point, uncertain. During the fourth growing
season after the first fire (2004), the root systems of D.
nudiflorum plants from B to T + B plots had considerably
more nodules than those from the C site. In contrast, in
2005, 2 months after the second fire there were no
obvious differences in the nodulation of plants from
burned to unburned sites, and we could detect no N-
fixation activity in 2005 in plants from either burned or
unburned plots. As nodule development and support is a
facultative process and as nodulation is inhibited when
inorganic N availability is high, it seems reasonable to
hypothesize that N availability was significantly lower in
the B plots during the fourth post-fire growing season
than in either the B plots 2 months after the second fire
or in the C plots in either year. Measurement of N-fix-
ation activity in D. nudiflorum plants in the 2005 B plots
during the 2008 and 2009 growing seasons will help test
this hypothesis.

Plant nutrient resorption

We originally hypothesized that B and T + B would in-
crease soil nutrient availability and foliar nutrient con-
centration, and we expected nutrient resorption would
therefore be lower in the manipulated sites. We actually
found the burning alone or combined with thinning had no
effect on nutrient resorption. Over all treatments, average
N resorption efficiency is 44.3% and P resorption is 45.8%.
This result is contrary to that of a study in northern hard-
woods (Latty et al. 2004) but consistent with those of a
study in oak-pine forest in the New Jersey Pine Barrens
(Boerner et al. 1988).
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Linkage between nutrient resorption and site fertility
and initial foliar nutrient concentration

Boerner (1984, 1986) related nutrient resorption to soil
fertility in eastern deciduous forests of North America;
however, this author found that woody plant and herba-
ceous species displayed different patterns of correlation
between nutrient resorption and soil nutrient availability.
Proportional resorption of N and P was found to be greater
in individuals of three tree species (Quercus alba, Acer
rubrum, and Fagus grandifolia) when growing on less
fertile sites than on more fertile sites (Boerner 1984). In the
same study region, Boerner (1986) reported that nutrient
resorption in two understory herbs generally decreased
with decreasing nutrient availability. We observed that
nutrient resorption by D. nudiflorum was unrelated to soil
nutrient availability, which is consistent with the conclu-
sions of a review of the literature on N and P resorption in
perennial plants that did not reveal any relationship be-
tween site/plant nutrition and resorption efficiency (Aerts
1996).

Empirical studies have provided conflicting results on
the relationship between nutrient resorption efficiency and
foliar nutrient concentration in both intraspecific and
interspecific comparisons (Chapin and Kedrowski 1983;
Shaver and Melillo 1984; Schlesinger et al. 1989; Del Arco
et al. 1991; Rejmankova 2005; Huang et al. 2007a). In a
recent literature review based on global database, Kobe
et al. (2005) found that resorption efficiency generally
declined with increasing leaf nutrient status, both within
and among species. In our study, plants from the B to
T + B treatments exhibited a significant positive relation-
ship between nutrient resorption efficiency and initial foliar
nutrient concentration, but this relationship was not present
in the plants from the C plot. In the manipulated plots, with
decreased soil nutrient availability and increased light
availability, plants tended to retranslate more nutrients to
support a ‘‘rapid growth strategy’’ (Aerts and Chapin
2000). In contrast, in the C plots, soil nutrient availability
was higher but photosynthetically active radiation flux was
much lower. Plant growth in the C plots is likely limited by
light rather than nutrients, and plants do not need to resorb
much N or P to meet future demands.

Conclusions

Our results showed that burning (B) alone or combined
with thinning (T + B) resulted in both decreased soil
nutrient availability and leaf nutrient concentrations. Four
years after a single, low-intensity fire, leaf N concentra-
tions in D. nudiflorum, a N-fixing herb, were affected pri-
marily by broad landscape-scale gradients of soil moisture
and microclimate. In contrast, 2 months after a second fire,
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leaf nutrient concentrations were strongly dependant on
proximate soil nutrient availability, as affected by fire, and
not on broad-scale topographic patterns. Variations in leaf
nutrient resorption efficiency were independent of soil
nutrient availability and could not be explained by initial
foliar nutrient concentration alone. Altered soil surface
microclimates after different ecological restoration treat-
ments, especially differences in understory light condi-
tions, may also be important in explaining variations in
nutrient resorption. These findings enrich our understand-
ing of the effects of different ecosystem restoration treat-
ments on soil nutrient availability, plant tissue nutrient
dynamics, and plant—soil interactions at different temporal
scales.
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