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Summary

1

 

Symbiotic arbuscular mycorrhizal (AM) fungi produce a recalcitrant AM-specific
glycoprotein, glomalin, which could be a substantial contributor to soil carbon (C). In
this study we made a first assessment of the standing stocks of glomalin in a tropical
lowland rain forest (the La Selva Biological Station, Costa Rica) and tested whether
glomalin concentrations varied over the strong fertility gradient in this forest.

 

2

 

Mean levels of glomalin in the top 10 cm of the La Selva soils were 3.94 

 

±

 

 0.16 mg cm

 

−

 

3

 

(1.45 Mg C ha

 

−

 

1

 

), accounting for approximately 3.2% of total soil C and 5% of soil
nitrogen (N) in the 0–10 cm soil layer.

 

3

 

More fertile soils with higher concentrations of calcium, phosphorus and potassium
had less glomalin, while the less fertile soils, those with high C : N ratios and high levels
of iron and aluminium, had more glomalin.

 

4

 

We found higher levels of immunoreactivity, which is characteristic of young, recently
produced glomalin, in the soils with higher concentrations of calcium, phosphorus and
potassium. We hypothesize that AM fungal turnover, as indicated by a greater proportion
of immunoreactive, recently produced glomalin, is enhanced in the more fertile soils
within this tropical rain forest landscape.
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Introduction

 

Arbuscular mycorrhizal (AM) fungi form symbiotic
relationships within roots of approximately 80% of all
plant taxa (Allen 1991). The AM fungi colonize fine
roots behind the area of active cell elongation (Abbott
& Robson 1985). Hyphae radiate out from the roots,
effectively performing the functions of uptake of nutri-
ents, particularly phosphorus (P), and of  water in
exchange for photosynthetically derived carbon (C)
from their host. They form a significant pathway for
the transfer of photosynthetic C to soils. For example,
AM fungi are estimated to utilize 5–25% of photosyn-
thetically fixed C in temperate herbaceous plant species
(Tinker 

 

et al

 

. 1994) and up to 45% in temperate trees
(Grayston 

 

et al.

 

 1996).
Studies in tropical forests have indicated that 20–80%

of fine root length is colonized by AM fungi (Redhead

1980; St John 1980; Howeler 

 

et al.

 

 1987; Alexander 1989),
and that spore production can be substantial (Louis &
Lim 1987; Johnson & Wedin 1997; Lovelock, Andersen
& Morton 2003). Many tree species are highly depend-
ent on AM fungi (Janos 1980), being unable to grow
beyond the seed reserves if  they are not inoculated
with AM fungi (Lovelock 

 

et al.

 

 1996; Kiers 

 

et al

 

. 2000;
Zangaro 

 

et al

 

. 2000). The C allocated to arbuscular
mycorrhizas and thus their contribution to soil C could
be particularly high in the tropics because of the low
nutrient levels in highly weathered tropical soils
(Vitousek & Sanford 1986; Janos 1987).

One of the compounds produced by AM fungi is a
recalcitrant glycoprotein, glomalin (Wright 

 

et al

 

.
1996). Concentrations of glomalin range from 2 to
15 mg g

 

−

 

1

 

 of  soil in temperate climates (Wright 

 

et al

 

.
1996; Wright & Upadhyaya 1998), and over 60 mg
cm

 

−

 

3

 

 was found in a chronosequence of Hawaiian soils
(Rillig, Wright & Torn 2001). In addition to containing
substantial carbon (and up to 5% iron; Nichols, Wright
& Dzantor, unpublished data), glomalin enhances soil
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aggregation (Wright & Upadhyaya 1998; Wright 

 

et al.

 

1999; Rillig 

 

et al

 

. 2001), thereby protecting carbona-
ceous material from rapid degradation in soils (Rillig

 

et al

 

. 1999). Ecosystem productivity is thus enhanced,
due to improved levels of soil aeration, drainage and
microbial activity (Jastrow & Miller 1997). How glo-
malin concentrations vary across landscapes, and the
influence of soil fertility on glomalin concentrations
may provide insights into the importance of AM fungi
and their products in soil C sequestration across
tropical forest landscapes. Here we analyse glomalin
in soils across a soil fertility gradient in a series of
lowland tropical rain forest plots within the 600 ha of
old-growth forest at the La Selva Biological Reserve,
Costa Rica.

Glomalin in soils is currently partitioned into two
fractions based on operationally defined ease of extrac-
tion in citrate with heat, and reaction with a monoclonal
antibody against glomalin (Wright & Upadhyaya 1996,
Fig. 1). Total glomalin (TG) is the maximum amount
of glomalin that can be extracted with 50 m

 



 

 citrate at
121 

 

°

 

C. In most soils TG is extracted within 1 hour, but
multiple hour-long extractions may be required to

remove all of the glomalin from a soil (Wright &
Updahyaya 1996; Rillig 

 

et al

 

. 2001). Easily extractable
glomalin (EEG) is the fraction of  glomalin extracted
in 30 min using 20 m

 



 

 citrate, pH 7.0 at 121 

 

°

 

C. Dur-
ing the development of extraction procedures (Wright
& Upadhyaya 1996), this fraction was consistently
higher in immunoreactivity than TG. Because recently
produced glomalin on hyphae also exhibits high immuno-
reactivity (Wright & Upadhyaya 1999), and because
TG is tightly bound to soil particles, requiring hours
of exposure to high heat to release TG from soils,
immunoreactive EEG (IREEG) is currently interpreted
to be mostly recently deposited material. Residual
glomalin is the pool of glomalin that cannot be extracted
with citrate, and is probably tightly bound with clay.
Because methods for quantification of the residual
fraction are still under development (Nichols 

 

et al.

 

,
unpublished data), the size of this pool remains to be
quantified. In this study we analyse the pool sizes of the
different fractions of non-residual glomalin, to make a
preliminary assessment of the relative contributions of
putatively newly formed, and more degraded, older
glomalin to the total pool of non-residual glomalin in

Fig. 1 Conceptual diagram of the production and deposition of glomalin stocks in soils used in this study. Glomalin fractions
are defined on the basis of their ease of extraction in citrate with heat, and on the basis of their reactivity with a monoclonal
antibody. The size of the shaded and unshaded portions of the bars represents the expected proportions of non-immunoreactive
and immunoreactive glomalin for each fraction.
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soils. Additionally, we characterize the C and N com-
position of this glomalin to calculate its contribution to
soil C and N pools.

Here we test the following hypotheses: (i) The
amount of  non-residual glomalin increases with
declining soil fertility, due to either increased produc-
tion or decreased decomposition, or both (similar to
what is proposed for fine roots, Nadelhoffer 

 

et al.

 

 1985;
Eissenstat & Yanai 1997; Nadelhoffer 2000). (ii) In
soils with high levels of  non-residual glomalin, the
fraction that is lower in immunoreactivity is a greater
proportion of this glomalin pool than in soils with
lower concentrations of non-residual glomalin. This
higher proportion of putatively older material suggests
that glomalin accumulates over time (Rillig 

 

et al

 

.
2001). (iii) In the La Selva soils, the immunoreactive
forms of glomalin are more abundant in soils with high
fertility compared with those with low fertility, sug-
gesting that AM fungal production is enhanced in
more fertile soils.

 

Materials and methods

 

    

 

This study was conducted in 600 ha of old-growth for-
est at the La Selva Biological Station of the Organiza-
tion for Tropical Studies, in NE Costa Rica (10

 

°

 

26

 

′

 

 N,
83

 

°

 

59

 

′

 

 W). The La Selva Biological Station is a 1500-ha
reserve at 37–150 m elevation above sea level. It is clas-
sified as a tropical wet forest in the Holdridge life zone
system (Hartshorn & Hammel 1994), with an aver-
age annual rainfall of  4 m distributed fairly evenly
throughout the year, and an average temperature of
26 

 

°

 

C (Sanford 

 

et al

 

. 1994). The landscape, climato-
logy, biota and the research station are described in
McDade 

 

et al

 

. (1994). La Selva’s soils (Sollins 

 

et al

 

.
1994) range from relatively fertile Inceptisols to low-
pH, low-P Ultisols and thus make it possible to assess
changes in C cycling across the most frequently
encountered edaphic variation in tropical lowland for-
ests. The diversity of the tree community at La Selva is
high, with more than 320 species (Hartshorn & Hammel
1994). Palms and the tree species 

 

Pentaclethra macroloba

 

(Willd.) Kuntze (Mimosaceae), account for 25 and 12%
of the stems, respectively. The AM fungal community,
as characterized by extraction and identification of
spores, is dominated by 

 

Acaulospora morrowaie

 

, 

 

A.
mellea

 

 and 

 

A. foveata

 

 (Lovelock 

 

et al

 

. 2003). Numbers of
AM spores associated with the dominant tree species,

 

Pentaclethra macroloba

 

, vary from an average of 25 per
100 mL of soil for the Inceptisol to 50 per 100 mL in
Ultisols, respectively, but can be as high as 150 spores
per 100 mL soil (Lovelock 

 

et al

 

. 2003).
A series of 18 50 

 

× 

 

100 m permanent plots have been
established over the two major edaphic units within the
600 ha of old-growth forest within the La Selva reserve
(the CARBONO Project plots, Clark & Clark 2000).
The plots have stem densities of 410–510 stems ha

 

−

 

1

 

 for

the Inceptisols and Ultisols, respectively, with biomass
ranging from 149 to 167 mg ha

 

−

 

1

 

. The soils of these
plots have been characterized based on analysis of
bulked soil samples from each (total C, N and P, cations,
and pH; E. Veldkamp, J. Mackensen, and D.B. Clark,
unpublished data). Soil bulk density was determined
by depth in three plots on each soil type (Veldkamp

 

et al

 

. 2003). Means of these measurements for the 0–
10 cm depth were used to estimate bulk density at this
depth in the remaining plots on each soil type.

We sampled 10 randomly selected locations on the
5 

 

×

 

 10 m grid imposed on each plot for 12 of the per-
manent forest plots in September 2001. Each sampling
location was at least 20 m from every other sampling
location within each plot. Random sampling within
each plot ensured that samples encompassed forest in
both gap and non-gap phases. Values presented are the
mean of the 10 samples per plot. Soils were sampled to
10 cm depth using a small trowel. Subsamples of 1–2 g
of soil were stored in polyethylene bags, refrigerated at
5 

 

°

 

C within 20 min of sampling, and stored at 5 

 

°

 

C during
transfer to USDA laboratories in Beltsville, Maryland,
USA.

 

 

 

Soils were ground to a fine powder before analysis.
Glomalin extractions were conducted as described by
Wright & Updahyaya (1996). Easily extractable glo-
malin (EEG) was extracted at 121 

 

°

 

C for 30 min in 20 m

 



 

citrate (pH 7). Total glomalin (TG) was extracted at
121 

 

°

 

C in 50 m

 



 

 citrate (pH 8) in 1-hour increments
until the supernatant was almost colourless. Most
samples required three extractions. SDS-PAGE gels
(Wright 

 

et al

 

. 1996; Rillig 

 

et al

 

. 2001) and nuclear mag-
netic resonance spectra (Nichols 

 

et al

 

., unpublished
data) of extracted glomalin indicate that samples con-
tain very low concentrations of other organic com-
pounds. Pooled extracts were centrifuged at 10 000 

 

g

 

 to
remove soil particles, and protein concentration was
determined by the Bradford dye-binding assay using
bovine serum albumin as the standard (Wright 

 

et al

 

.
1996). An indirect enzyme-linked immunosorbent
assay (ELISA) with monoclonal antibody MAb 32B11
against glomalin was used to carry out immunoassays
on EEG and TG (Wright & Upadhyaya 1998). Values
from ELISA were compared with a standard made
from the most immunoreactive soil we sampled at La
Selva. Concentrations of glomalin were extrapolated
to mg g

 

−

 

1

 

 soil. Final concentrations of glomalin are
expressed on a soil volumetric basis using mass-based
estimates of glomalin combined with estimated bulk
density of the La Selva soils (Veldkamp 

 

et al

 

. 2003).
Reported values are means 

 

±

 

 SE for each plot.
Glomalin was analysed for total C and N concen-

trations from 20 soil samples selected randomly from
the total set of 120 samples. Four replicate subsamples
were extracted from each of these 20 soil samples. TG
was measured on the subsamples. Subsample extracts
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were combined, precipitated with HCl, redissolved in
100 m

 



 

 sodium borate (pH 10.0), dialysed against
water, lyophilized (after Wright 

 

et al

 

. 1996) and ana-
lysed for CHN on a Perkin-Elmer 2400 CHN instru-
ment (Perkin-Elmer, Wellesley, MA).

 

 

 

For analysis of EEG, TG, IREEG and IRTG concen-
trations over the landscape, glomalin concentrations
were averaged for each of the 12 plots (10 replicates per
plot). Because many of the soil chemical parameters
are highly correlated, we used a principal components
analysis to assess whether glomalin concentrations
varied with combined indicators of soil fertility. Least
squares regression analysis was used to test for effects
of pH, mineral element concentrations, soil C, and soil
C : N and N : P ratio on glomalin levels, and also to test
for significant relationships among different fractions
of glomalin. Suitability of all models was determined
by inspecting residual plots.

 

Results

 

Over all of the forest plots, mean concentrations of
total glomalin (TG) in the top 10 cm of  soil were
3.94 

 

±

 

 0.16 mg cm

 

−

 

3

 

 (range 0.8–12.5 mg cm

 

−

 

3

 

, 

 

n

 

 = 120).
Mean immunoreactive total glomalin (IRTG) was
1.77 

 

±

 

 0.09 mg cm

 

−

 

3

 

 (range 0.2–5.4 mg cm

 

−

 

3

 

, 

 

n

 

 = 120)
and was 48.4 

 

±

 

 2.2% of TG. Mean easily extractable
glomalin (EEG) was 1.68 

 

±

 

 0.08 mg cm

 

−

 

3

 

 (range 0.4–
4.7 mg cm

 

−

 

3

 

, 

 

n

 

 = 120), and was 47.4 

 

±

 

 2.9% of  TG.
Mean immunoreactive EEG (IREEG) was 1.41 

 

±

 

0.03 mg cm

 

−

 

3

 

 (range 0.2–1.6 mg cm

 

−

 

3

 

, 

 

n

 

 = 120) or 56.6 

 

±

 

2.8% of EEG.
To gain some understanding of the relationship

between putatively more recently formed glomalin
and older, more resistant glomalin, we plotted EEG,
and the percentage of EEG that was immunoreactive
(%IREEG/EEG), against the total pool size of  glo-
malin (Fig. 2). Easily extractable glomalin increased
with TG (Fig. 2a), but the proportion of  EEG that
was immunoreactive (%IREEG/EEG) declined with
increasing TG concentrations (Fig. 2b), indicating that
plots with high TG levels have proportionally more,
older glomalin.

 

  

 

We determined the content of protein, N and C of the
glomalin from 20 randomly selected soils out of a total
of 120 from all plots. Gravimetric mass of extracted
glomalin in these samples ranged from 1 to 27 mg g

 

−

 

1

 

soil. The protein content of glomalin determined by the
Bradford protein assay ranged between 1 and 8 mg g

 

−

 

1

 

.
The proportion of  extracted glomalin that was
detected by the protein assay was 80–100% when glo-
malin concentration was low and declined to 25% as
the amount of extracted glomalin increased (Fig. 3a),

indicating a significantly lower proportional contri-
bution of  protein to the glomalin molecule in soils
with high glomalin concentrations. The mean N con-
tent was 4.2 

 

±

 

 0.14% and ranged between 3 and 5%,
declining linearly with increasing total concentration
of  glomalin in the soil (Fig. 3b). Mean C content of
glomalin was 36.9 

 

±

 

 0.83% and, like N, declined linearly
with increasing TG extracted (Fig. 3c). The C : N ratio
increased as TG concentrations in soils increased
(Fig. 3d). Combining the mean C and N composition
of glomalin with the TG and the total C and N concen-
trations in soils to 10 cm at La Selva, we calculate that
C and N within glomalin account for approximately
3.2% and 5% of total soil C and N pools, respectively, at
0–10 cm depth.

 

   

 

Because many soil parameters covary, a principal
component analysis was used to test the relationship
between variation in soil characteristics and concen-
tration of soil glomalin fractions at 0–10 cm depth.

Fig. 2 Relationship between different glomalin fractions
extracted from soils within the tropical forest of the La Selva
Biological Station in NE Costa Rica. Each value is the mean
of 10 measurements from 12 representative 50 × 100 m forest
plots. (a) Easily extractable glomalin (EEG) is highly cor-
related with total glomalin, TG (R2 = 0.60, P = 0.003). (b) The
proportion of the EEG that is immunoreactive (%IREEG/
EEG) declines as the concentration of EEG increases
(R2 = 0.53, P = 0.013). Circles are Inceptisol plots; triangles
are Ultisol plots.
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The first principal component explained 50.3% of the
variation in the total suite of soil characters (Table 1).
This component was characterized by positive contri-
butions by pH and by several of the mineral element
concentrations that determine fertility (P, K, Ca and Mn,
although soil N and Mg contributed negatively) and
negative contributions from those parameters usually
associated with infertility (C : N ratio, Al and Fe).
Eigenvector 2 accounted for 22.4% of the variation in
the soil data, and was characterized by strong negative

contributions from P, K, N and Mg concentrations and
positive contributions from C : N (Table 1). Total glo-
malin and EEG were significantly negatively correlated
with eigenvector 1 (Fig 4a, b). IRTG and IREEG were
not significantly correlated with any of the eigenvectors,
but the proportion of EEG that was immunoreactive
(%IREEG/EEG) was significantly positively correlated
with eigenvector 1 (Fig. 5).

Significant correlations among individual soil vari-
ables and glomalin fractions are shown in Table 2.

Fig. 3 The protein (a), nitrogen (b) and carbon (c) concentration, and C : N ratio (d) of glomalin extracted from soils within old-
growth tropical wet forest at La Selva.

Table 1 Percentage variation in soil chemical characteristics explained by the first three eigenvectors using a principal component
analysis, and the contribution of each soil characteristic to each eigenvector. Data are from the soil samples taken at 1–10 cm
depth from 12 forest plots within the old-growth forest at La Selva (CARBONO plots: six on Ultisols and six on Inceptisols; six
samples per plot, bulked at the plot level; D.B. Clark, E. Veldkamp and J. Mackensen, unpublished data)
 

 

Eigenvector 1 Eigenvector 2 Eigenvector 3

Percentage variation explained 50.3 22.4 14.5

Soil variable(range)
PH (4.00–4.52) 0.357 −0.201 0.146
C (29.8–50.3 mg cm−3) −0.371 −0.235 0.108
N (2.78–3.98 mg cm−3) −0.314 −0.380 0.110
C : N (10.4–12.6) −0.367 0.205 0.056
P (0.36–1.19 mg cm−3) 0.213 −0.403 −0.425
K (0.020–0.052 mg cm−3) 0.165 −0.431 −0.462
Ca (0.040–0.145 mg cm−3) 0.173 −0.336 0.498
Mg (0.022–0.045 mg cm−3) −0.121 −0.389 0.457
Mn (0.004–0.118 mg cm-3) 0.364 −0.098 0.191
Al (0.42–0.89 mg cm−3) −0.338 −0.283 −0.243
Fe (0.002–0.072 mg cm−3) −0.372 −0.128 −0.073
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Increasing concentrations of TG were associated with
increasing acidity, C, C : N ratio, Al and Fe, and
decreasing concentrations of Ca and Mn. Concentra-
tions of EEG were influenced positively by C, C : N
and N : P ratio, while declining with increasing P, K

and Mn concentrations. Unlike TG, EEG was not
significantly enhanced with increasing Al and Fe
concentrations. Concentrations of  IRTG were insen-
sitive to all soil factors. Levels of  IREEG declined
significantly with increasing soil P and K concentra-
tions. The proportions IRTG/TG and IREEG/EEG
increased with increasing soil pH, and declined with
increasing C : N and N : P ratio. Declines in %IREEG/
EEG were also associated with increasing soil Al
concentrations.

Discussion

Concentrations of total glomalin within soils at La
Selva were comparable with those measured in tem-
perate zone agricultural and native grassland soils
(Wright & Upadhyaya 1998; Rillig et al. 1999), and in

Fig. 4 Relationship between two glomalin fractions and an
index of soil fertility (eigenvector 1 derived from a principal
component analysis of soil characters, see Table 1). (a) Total
glomalin declines as fertility increases (R2 = 0.60, P = 0.003).
(b) Similarly, EEG declines with increasing fertility (R2 =
0.58, P = 0.004). Circles are Inceptisol plots; triangles are
Ultisol plots.

Fig. 5 Relationship between the proportion of easily extract-
able glomalin that is immunoreactive (%IREEG/EEG) and
an index of soil fertility (eigenvector 1, derived from a prin-
cipal component analysis of soil, see Table 1). %IREEG/EEG
increases as the fertility index increases (R2 = 0.48, P = 0.012).
Circles are Inceptisol plots; triangles are Ultisol plots.

Table 2 Significant (P < 0.05) Pearson product-moment correlation (R) between soil characteristics and glomalin fractions (mg
cm−3): total glomalin (TG), immunoreactive TG (IRTG), easily extractable glomalin (EEG), immunoreactive EEG (IREEG), and
the proportion of immunoreactive glomalin in the TG and EEG pools (n = 12 samples in all correlations)
 

 

Glomalin fraction 

Soil variable TG IRTG EEG IREEG %IRTG/TG %IREEG/EEG

pH −0.585 – −0.610 – 0.674 0.695
C (mg cm−3) 0.604 – 0.703 – – −0.571
N (mg cm−3) – – – – – –
C : N 0.742 – 0.891 – −0.651 −0.606
N : P − – 0.669 0.619 – −0.624
P (mg cm−3) – – −0.566 −0.615 – –
K (mg cm−3) – – −0.504 −0.551 – –
Ca (mg cm−3) −0.524 – – – – 0.633
Mg (mg cm−3) – – – – – –
Mn (mg cm−3) −0.804 – −0.648 – 0.595 0.687
Al (mg cm−3) 0.672 – – – – −0.678
Fe (mg cm−3) 0.743 – – – – –
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younger forest soils of Hawaii (Rillig et al. 2001). Higher
concentrations of  glomalin have been observed in
soils under woodlands of the Mid-Atlantic States and
Scotland (Wright & Upadhyaya 1998), and in older
Hawaiian soils (Rillig et al. 2001), while soils from range-
lands in Texas had lower levels (Wright & Upadhyaya
1998). Climate, vegetation type and productivity, soil
mineralogy, and fungal species and diversity, may all
have roles in determining why there are differences in
concentrations of soil glomalin across sites (Rillig et al.
2001). Investigation of the processes determining pro-
duction, decomposition and accumulation of glomalin
over multiple biomes will be needed to fully understand
the importance of glomalin to C sequestration in soils.

At La Selva, glomalin was a significant component
of total soil C and N pools (3.2 and 5%, respectively) in
the surface layer (0–10 cm). This is similar to the con-
tribution of glomalin to soil C and N in the 6–10 cm
layer of soils in Hawaii (maximum of 5 and 4% of C and
N, respectively, see table 3 in Rillig et al. 2001). The
Hawaiian soils had much higher total levels of C and
glomalin than the La Selva soils. Additionally, the
composition of glomalin extracted from Hawaiian soils
was lower in C and N compared with La Selva (Rillig
et al. 2001).

The glomalin extracted from the La Selva forest soils
had levels of  immunoreactivity that are among some
of the highest measured. In temperate grassland soils,
between 25 and 50% of the glomalin was immunoreac-
tive (Wright & Upadhyaya 1998; Rillig et al. 1999;
Wright & Anderson 2000). In Hawaiian forest soils,
immunoreactivity of  glomalin was less than 50%
(Rillig et al. 2001). However, in previous studies, the
standard used in the ELISA assays was glomalin from
a grassland soil. Using the same grassland glomalin
for the ELISA standard, a preliminary test of three
soils from La Selva had mean % IRTG/TG of  182%
and 247% for %IREEG/EEG (data not shown). Thus,
glomalin from La Selva soils is much more immuno-
reactive than glomalin from a temperate grassland.
Values for immunoreactive EEG and TG for La Selva
soils presented in the current study were calculated using
as the standard for ELISA the most immunoreactive
glomalin extracted from the 120 La Selva soil samples.
Given that live hyphae are highly immunoreactive
(Wright & Upadhyaya 1999) and that immunoreactiv-
ity of glomalin has been observed to decline over time
(Wright et al. 1996), our interpretation of these results
is that much of  the glomalin within the La Selva soils
is recently produced, and that hyphae and glomalin
probably decompose rapidly in these soils compared
with others, preventing accumulation of glomalin to
the very high levels that have been observed in soils in
Hawaii (60 mg cm−3 or 100 mg g−1, Rillig et al. 2001).

   

The concentrations of the different glomalin fractions
were correlated with several soil chemical character-

istics over the La Selva landscape. Total glomalin and
EEG tended to increase with indices of decreasing fer-
tility (e.g. C : N ratio, Al and Fe), and to decrease with
indices of increasing fertility (e.g. Ca, P, K and Mn).
Concentrations of EEG, but not of TG, were signifi-
cantly negatively correlated with concentrations of
total soil P, the nutrient that is proposed to be most lim-
iting to plant growth in tropical forests (Vitousek 1984;
Chadwick et al. 1999), and the one for which AM fungi
are essential for uptake (Janos 1987). The immunore-
active portion of EEG (IREEG) was also sensitive to
soil P and K concentrations, declining with increasing
concentrations of P and K. The differing sensitivity of
the glomalin fractions to the concentration of soil ele-
ments is likely to be due to differences in rates of pro-
duction, the extent of incorporation within soil
aggregates, and/or rates of decomposition of glomalin
over the fertility gradient.

In a possibly analogous way, standing stocks of fine
roots are usually higher in low fertility soils within a
forest type (Crews et al. 1995). This is evident for La
Selva, where fine root stocks are substantially higher
in the infertile (very low-P) Ultisols than in the more
fertile Inceptisols (Ostertag 1998; D.A. Clark, unpub-
lished data), or on the very fertile Recent Alluvium
(Gower 1987). Additionally, numbers of AM mycor-
rhizal spores were higher in low fertility soil at La Selva
(Lovelock et al. 2003). Higher numbers of fine roots
and spores in more infertile soils could be due to
greater production, longer-lived roots and spores and/
or slower decomposition rates (Eissenstat & Yanai 1997;
Zak & Pregitzer 1998; Nadelhoffer 2000). Additionally,
among tropical evergreen forests, low fertility sites are
generally characterized by longer-lived leaves (Reich
et al. 1992) and slower rates of decomposition of leaf
litter and roots (Ostertag & Hobbie 1999). Differences
in levels of glomalin across gradients in fertility could
therefore reflect similar processes.

In ectomycorrhizal systems, enhanced fertility (N
availability) is associated with reduced hyphal growth
rates and life spans and changes in the fungal commu-
nity composition (Treseder & Allen 2000). Increases in
levels of glomalin in the less fertile soils at La Selva
could be due to enhanced hyphal growth rates. Root
colonization by AM fungi (Abbott & Robson 1985;
Abbott & Robson 1991) and AM hyphal lengths in
soils (Miller et al. 1987; Miller et al. 1995) have been
observed at other sites to increase with declining soil P
concentrations, but whether this reflects differences
in hyphal growth, longevity or rates of decomposition
is not known. Peak annual amounts of AM hyphae in
North American prairie soils (0.45 mg cm−3) were
observed in November (Miller et al. 1995), when low
temperatures could inhibit hyphal decomposition
and the activity of consumers. Differences in levels of
glomalin across fertility gradients at La Selva could
also be due to differences in the AM fungal community
composition. Arbuscular mycorrhizal fungal species
differ in their biomass of extraradical hyphae (Abbott
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& Robson 1985; Sylvia 1990) and in glomalin yields
(Wright & Upadhyaya 1996; Lovelock et al., unpublished
data). Changes in AM fungal community composi-
tion have been observed over N gradients (Egerton-
Warburton & Allen 2000), and at La Selva between the
Recent Alluvium and flat sites on the Ultisols and
Inceptisols (Lovelock et al. 2003). But sampling of the
AM fungal community associated with Pentaclethra
macroloba growing in the Inceptisols and Ultisols did
not reveal significant differences in the species composi-
tion of  the AM fungi, although AM fungal spores
were more abundant in the less fertile Ultisols (Lovelock
et al. 2003).

Our observation that TG and EEG concentra-
tions are higher in lower fertility soils could be due to
enhanced production of hyphae and glomalin, the
presence of longer lived hyphae and glomalin, slower
rates of glomalin decomposition, or a community shift
to fungi with greater levels of extraradical hyphae or
greater glomalin yields. Based on our initial findings at
La Selva, we hypothesize that the less fertile soils have
higher levels of glomalin because of slower rates of glo-
malin decomposition. We put forward this hypothesis
because the proportion of younger, immunoreactive
glomalin (%IREEG/EEG) declined with increases in
EEG, and was enhanced in soils with higher fertility.
Moreover, analysis of extracted glomalin revealed that
the proportional contribution of  protein is lower in
glomalin from soils where there are high concentrations
of glomalin, indicating that the protein component of
glomalin is more degraded in soils with higher glomalin
levels. Additionally, where we found high concen-
trations of glomalin, the glomalin had lower concen-
trations of C and N and higher C : N ratio, and was
associated with enhanced concentrations of  Al and
Fe, characteristics of infertile soils that complex organic
matter (Troeh & Thompson 1993). Furthermore,
preliminary quantification of glomalin production in
in-growth cores over La Selva’s fertility gradient
(Lovelock et al., unpublished data) showed enhanced
glomalin deposition in more fertile soils. Together
these data suggest that soils within the La Selva forest
that have high levels of glomalin are retaining glomalin
that is more degraded, older, and potentially more
strongly bound (possibly to Al and Fe), while in those
soils with lower glomalin concentrations, more of the
glomalin is recently produced and the glomalin is turn-
ing over faster.

Conclusions

We found that glomalin is a significant component of
the soil C and N pools in the soils of an old-growth
tropical rain forest. Given that glomalin is a small pro-
portion of the biomass of AM hyphae (approximately
3% of dry weight, Wright et al. 1996), these levels of
glomalin indicate that production of  extraradical
hyphae by AM fungi could be substantial. Glomalin is
also produced by hyphae within roots, and additional

amounts are in the pool of residual glomalin (strongly
adhering to soil particles) and at soil depths below
10 cm. The glomalin levels that we have documented
here are therefore likely to be underestimates of the size
of the total glomalin pool in La Selva soils. The high
level of immunoreactivity of glomalin in these soils also
indicates that much of  the glomalin is likely to be
recently produced. Glomalin fractions were responsive
to La Selva’s soil fertility gradients, showing that
fungal production, decomposition and/or community
composition are variable over the landscape, and could
vary with other plant and environmental parameters,
some of  which may be affected by global climate
change (Tian et al. 1998; Rillig & Allen 1999). Actual
rates of glomalin production and decomposition are
not known, and the identity of the organisms respons-
ible for consumption and decomposition of glomalin
remain to be discovered.
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