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5.1	 �Introduction

Plant and soil community assembly on Mount St. Helens 
volcanic substrates has been a subject of considerable inter-
est for more than 30 years. Early colonists such as lupines 
(Lupinus latifolius and L. lepidus) were successful because 
local source populations possessed morphological and phys-
iological adaptations to harsh conditions (Braatne and Bliss 
1999), including the ability to fix atmospheric nitrogen via 
symbiosis with Rhizobium (Halvorson et al. 1992). Organic 
matter, nutrient concentrations, microbial biomass, and other 
indicators of soil development increased relatively rapidly 
under lupines. These factors, together with biotic interac-
tions such as competition with other plants or insect herbiv-
ory, abiotic erosive processes, and stochastic environmental 
drivers like the period of unusually wet conditions recorded 
for the pyroclastic site from 1995 through 1999, helped 
shape emerging patterns of plant community structure and 
soil characteristics (Bishop et  al. 2005; Halvorson et  al. 
2005; del Moral et al. 2012).

One unexpected observation of early studies was evi-
dence for significant accumulations of glomalin in pyroclas-
tic deposits, especially under lupines (Halvorson and Smith 
2009). Glomalin, produced by arbuscular mycorrhizal 
fungi (AMF), is thought to be an important pool of decom-
position-resistant organic matter (Wright and Upadhyaya 
1996, 1998; Treseder and Turner 2007; Singh 2012; Walley 
et  al. 2013). As a mixture of compounds (Gillespie et  al. 
2011), glomalin is a glycoproteinaceous material defined 
operationally by alkaline salt extraction at high temperature 
and pressure, which can be classified as Bradford-reactive 
soil protein (BRSP), glomalin-related soil protein (GRSP), 
total glomalin (TG), easily-extractable glomalin (EEG), 
immunoreactive TG (IRTG), immunoreactive EEG (IREEG), 
immunoreactive GRSP, or immunofluorescent material (e.g., 
Rillig et al. 2003; Lovelock et al. 2004b; Singh 2012; Koide 
and Peoples 2013; Nichols et al. 2013). Despite issues con-
cerning the exact molecular composition of glomalin, poten-
tial co-extractants measured during the protein analysis 
(Halvorson and Gonzales 2006; Gillespie et al. 2011), and 
variations in molecular structure with different arbuscular 
mycorrhizal species or decomposition processes in the soil, 
glomalin concentration is frequently correlated with water-
stable aggregation, mycorrhizal activity, and soil organic C 
and N concentrations (Nichols and Wright 2004, 2005; 
Treseder and Turner 2007; Koide and Peoples 2013).

Arbuscular mycorrhizal fungi (AMF) are often found in 
early primary-successional substrates (Kikvidze et al. 2010), 
including those deposited by the 1980 eruption of Mount St. 
Helens (Allen et al. 2005; Titus et al. 2007), but their role in 
soil ecosystem development and interactions with plants is 
likely to be complex and variable (Singh et al. 2011; Kardol 
et al. 2013) and is still incompletely understood (Dickie et al. 
2013). Diversion of photosynthate from growth to support 
the AMF-plant relationship may increase the availability of 
nutrients to plants (Van Der Heijden and Horton 2009; 
Neumann and George 2010). Mycorrhizal-plant associations 
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are often associated with phosphorus acquisition or avail-
ability (Richardson and Simpson 2011; Turner et al. 2013), 
but their role in nitrogen acquisition and cycling is increas-
ingly appreciated (Smith and Smith 2011; Veresoglou et al. 
2012; Hodge and Storer 2015). The efficiency of the trade-
off of plant-derived carbon for mycorrhizally enhanced 
nutrient access has been used to differentiate whether AMF 
is a parasite or a mutualist (Johnson et  al. 1997), but this 
distinction is still debated (Smith and Smith 2011). In several 
instances, AMF associations have produced no growth ben-
efits in early successional species (Titus and del Moral 1998; 
Sikes et al. 2012).

Less is understood about the nature and strength of feed-
backs between AMF, plants, and soil conditions. Fungal 
community structure has been found to develop along with 
aboveground vegetation, increasing in diversity with age of 
the terrain (Cutler et al. 2014) and affecting plant community 
composition and thus aboveground productivity (Rillig et al. 
2014). Other research suggests that fungal activity may 
respond more to soil conditions than to plant identity (Sikes 
et al. 2014).

Aside from a paucity of critical plant nutrients like nitro-
gen, the biggest barriers plants face in pyroclastic substrates 
are the lack of water and soil organic matter. Glomalin and 
glomalin-like biomolecules produced by AMF may be 
instrumental in surmounting these barriers (Wu et al. 2013; 
Miransari 2014). In addition to boosting nutrient retention by 
providing organic binding sites (González-Chávez et  al. 
2002), the roles of these molecules in building soil structure 
and creating micro- and macro-sites for better water-holding 
capacity by stimulating aggregate formation may be critical 
to soil formation in pyroclastic substrates (Rillig and 
Mummey 2006; Nichols et al. 2013). As a glycoprotein, glo-
malin is hydrophilic, particularly where the glycosyl groups 
attach, but amino acid analysis plus water-stable aggregation 
analysis demonstrates that it has hydrophobic character as 
well, owing to more hydrophobic amino acids (K. Nichols, 
personal communication). Glycoproteins commonly exhibit 
different folding patterns, exposing hydrophilic sides in 
aqueous solutions and hydrophobic sides for binding and 
other activities. Glomalin may thus increase water repel-
lency in soils (Wright and Upadhyaya 1998; Rillig 2005; 
Young et  al. 2012). Increased water repellency is often 
related to aggregate stability and may enhance water and car-
bon storage in pyroclastic soils and affect mineralization of 
soil organic matter (Atanassova et al. 2014). Glomalin pro-
duction may be stimulated in response to chemical, physical, 
or even biological soil factors (Purin and Rillig 2007). For 
example, Rillig and Steinberg (2002) observed less total 
hyphal length but more glomalin produced when roots were 
grown in small glass beads (<106  μm) simulating less-
aggregated soil, compared with those grown in larger glass 
beads (710–1180 μm) simulating an aggregated soil. Changes 

in community structure of AMF and production of glomalin 
were induced as a response to toxic heavy metals like Al, Cr, 
or Cu, or to salinity (Na) (González-Chávez et  al. 2004; 
Hammer and Rillig 2011; Seguel et  al. 2013; Gil-Cardeza 
et al. 2014; Krishnamoorthy et al. 2014).

The objectives of this study were to gather information 
about organic matter that has accumulated in Mount St. 
Helens pyroclastic substrates since the 1980 eruption. This 
information is consistent with our long-term studies of soil 
development, and whereas previous studies emphasized 
simple binary comparisons between lupine-influenced zones 
and barren substrates, this work better reflects contemporary 
successional patterns across the landscape by comparing soil 
characteristics along a gradient of plant community com-
plexity. A further objective was to measure the quantity and 
distribution of BRSP, hereafter referred to as glomalin, both 
relative to depth and in association with different plant com-
munity types, and to estimate its contribution to total soil 
carbon and nitrogen pools. We suggest that glomalin forms 
relatively early during soil development, and that even small 
amounts of such microbially produced substances may have 
important effects on soil processes and thus vegetation devel-
opment prior to the accumulation of humified soil organic 
matter.

5.2	 �Materials and Methods

5.2.1	 �Site Descriptions and Sampling

We collected soil on the Mount St. Helens pyroclastic-flow 
deposits (Swanson and Major 2005) (46.23°N, 122.16°W) in 
September 2011 near study sites used extensively as part of a 
long-term investigation of small-mammal community reas-
sembly on the Pumice Plain (Crisafulli et al. 2005) (Fig. 5.1). 
We sampled from (1) herb-dominated upland areas that var-
ied in their abundance of bryophytes (mosses), grasses, and 
forbs, with diversity characterized as low (LDH), intermedi-
ate (IDH), or high (HDH), (2) dense shrub-dominated thick-
ets of upland green alder (Alnus viridis) (SDU), and (3) 
riparian areas supporting dense thickets of willow (Salix 
sitchensis) (SDR) (Fig. 5.2a–e). The LDH, IDH, and HDH 
communities occupy largely intact surfaces created during 
the eruption and are well represented in the majority of the 
landscape. The shrub-dominated communities are more 
limited in their coverage, occupying areas adjacent to stream 
courses (shrub-dominated riparian, SDR) or areas subjected 
to post-eruption erosional processes with lower surface ele-
vations and high topographic moisture (shrub-dominated 
upland, SDU). Collectively, these two shrub community 
types occupy <10% of the Pumice Plain. Litter accumulation 
in the herb-dominated sites relates to overall plant cover and 
decreases from the HDH to the LDH community types. 

J.J. Halvorson et al.
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Distinct organic layers are present in both of the shrub com-
munity types.

We also sampled in two late-seral forest stands unaffected 
by the 1980 eruption and used these as reference sites to 
compare with the early primary-successional sites on the 
Pumice Plain. The reference sites are located in the Pacific 
silver fir zone (Franklin and Dyrness 1988) about 40  km 
northeast of Mount St. Helens, at 1120 m (ASL). Dominant 
overstory species in these stands are Abies amabilis and 
Tsuga heterophylla, with co-dominant Pseudotsuga menzie-
sii and Thuja plicata. Mean stem density and basal area per 
hectare are 625 and 145.7 m2, respectively. Understory com-
munity dominants are ericaceous shrubs (Vaccinium spp.) 
with high cover values (58%), Abies amabilis saplings, and a 

variety of herbs (e.g., Linnaea borealis, Cornus canadensis, 
Rubus lasiococcus).

These reference forest sites were selected because they 
were of similar age and vegetative structure to forest growing 
in the Spirit Lake basin (now the Pumice Plain) prior to the 
1980 eruption (USDA Forest Service, 1979 unpublished 
data) and had similar physical site characteristics, such as 
slope gradient, elevation, and climate. Based on these simi-
larities, we assume that these reference sites supported soils 
representative of our study area and more broadly similar to 
late-seral forest of the southern Washington Cascade Range, 
including the Mount St. Helens vicinity. Forest soils in this 
region are andisols of volcanic origin (Dahlgren et al. 2004), 
and a common feature of these soils is their development on 

Fig. 5.1  Locations of study sites where soil samples were collected. (Cartography by Kelly Christiansen, USDA Forest Service, Pacific Northwest 
Research Station).
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Fig. 5.2  Examples of (a) a low-diversity upland herb community (LDH) characterized by low species richness and cover values (5–10%) of forbs 
and grasses and an occasional small-stature shrub; (b) an intermediate-diversity upland herb community (IDH) characterized by moderate species 
richness and cover values (20–30%) of forbs and grasses and low shrub cover; (c) a high-diversity upland herb community (HDH) characterized 
by high species richness and cover values (~50%) of forbs and grasses with numerous scattered Salix sitchensis and Alnus viridis shrubs; (d) a 
shrub-dominated upland thicket (SDU) characterized by mesic upland sites that support dense monotypic stands of A. viridis; and (e) a shrub-
dominated riparian thicket (SDR) characterized by wet/mesic seep and streamside sites that support dense growth of S. sitchensis and A. viridis. 
For both SDU and SDR, canopy height of 2–5 m and cover >70% create heavily shaded understories with low-diversity herb communities and 
contribute to high litter accumulation. (Photos by C.M. Crisafulli).
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top of fresh volcanic surfaces. Indeed, soil pits at our refer-
ence forest sites reveal this typical pattern of tephra deposits 
interleaved with organic soils that developed between volca-
nic deposition events (see Fig. 11.5 in Allen et al., Chap. 11, 
this volume). Thus, our reference forest sites provide a rele-
vant comparison to evaluate differences in key soil metrics 
(i.e., nutrients, organic matter, and glomalin) between undis-
turbed late-seral forest soils typical of the region and those 
developing on the Pumice Plain. Finally, the potential natural 
vegetation of the Pumice Plain is coniferous forest, and we 
assume that in the absence of additional volcanic activity, 
both vegetation and soils on our site will eventually converge 
toward something roughly similar to pre-eruption condi-
tions, although this process could take centuries.

For each plant community, we collected mineral soil with 
a trowel at three depths (surface to 5, 5–10, and 10–20 cm) 
from three randomly located pits at two or three study sites. 
For SDU, we collected samples in nine randomly selected 
alder thickets. We also sampled the distinct organic layer 
present on top of the soil for SDU and SDR, but did not con-
sider these samples in our analyses. In the lab, we sieved 
samples (2  mm sieve), dried them to a constant mass at 
55 °C, and stored them at room temperature pending further 
analysis. Dried samples averaged less than 0.3% H20 by 
weight. We estimated particle bulk density as the average 
mass of both “freely settled” (poured) and “tapped” soil 
needed to fill a container of known volume (25 cm3).

5.2.2	 �Vegetation Structure

We distinguished vegetation structure at each study site 
using a modified “foliage height diversity” (FHD) method 
(MacArthur and MacArthur 1961). This method provides 
information on plant physiognomy by measuring the vertical 
distribution of vegetation by life form (see below). At each of 
our study sites, we arrayed nine transects at 15-m intervals. 
We fixed transect length at 30 m for LDH, IDH, and HDH 
sites, but varied the length at the SDR and SDU sites based 
on the width of those habitats (range 7.9–30 m). We placed 
FHD measurement stations (n = 66–144) every 2 m along 
each transect, and at each station we vertically positioned a 
3-m graduated PVC pole and assessed the presence (contact 
with pole) of bryophytes, graminoids, forbs, shrubs, and 
trees in each of the following height classes: 0–10  cm, 
11–25 cm, 26–50 cm, 51–100 cm, 101–150 cm, 151–200 cm, 
200–300  cm, and >300  cm. Thus, across sites there were 
between 582 and 1152 points in space where we assessed 
vegetation presence. At each site, we calculated the product 
of the number of FHD stations on each transect and the eight 
height classes to derive the total number of points sampled 
for vegetation. Then we summed the number of intercepts 

with vegetation present (positive hits). We divided the num-
ber of positive hits along each transect by the total number of 
possible points along that transect to calculate the proportion 
of vegetation present.

5.2.3	 �Total and Soluble Soil Carbon (C) 
and Nitrogen (N)

We determined total soil C and N after dry oxidation (Nelson 
and Sommers 1996) using a FlashEA 1112 NC Analyzer (CE 
Elantech, Lakewood, New Jersey, USA) with CE Elantech 
NC reference soil (3.5% C and 0.37% N) and K-factor cali-
bration with aspartic acid as a standard. We extracted water-
soluble organic carbon (WSC) and nitrogen (WSN) using a 
sequential cool- (23  °C) and hot-water (80  °C) extraction 
procedure and analyzed the solutions with a Shimadzu TOC-
VCPN analyzer equipped with a TNM-1 module (Shimadzu 
Scientific Instruments, Columbia, Maryland, USA) 
(Halvorson et al. 2013).

5.2.4	 �Glomalin (Bradford-Reactive Soil 
Protein)

We extracted subsamples (2 g) from each soil for glomalin 
with 100  mM tetrasodium pyrophosphate, pH 9.0, for 1-h 
cycles at 121  °C in an autoclave (Wright et  al. 2006). We 
repeated the 1-h extraction cycle 2–15 (mean = 4) times until 
the extraction solution was colorless. After each 1-h extrac-
tion cycle, we centrifuged samples to pellet the soil and 
remove extract solution. We combined all extract solutions 
per subsample and measured the total volumes. We used the 
Bradford total protein assay as a measure of glomalin, with 
bovine serum albumin (BSA) as the standard (Bradford 
1976; Nichols and Wright 2004). We added an aliquot of 
100 mM tetrasodium pyrophosphate to the BSA standard to 
remove background cross-reactivity with the dye solution. 
We calculated total protein values as mg Bradford-reactive 
soil protein (BRSP) g−1 soil.

5.3	 �Data Analysis

5.3.1	 �Vegetation Structure

We examined the effect of site and plant community type on 
the mean proportion of vegetation using a two-way 
ANOVA. There was no site effect on the proportion of veg-
etation (P  =  0.28), and there was strong evidence that the 
mean proportion of vegetation differed between at least two 
of the plant communities (P < 0.001 from a one-way ANOVA 
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F-test). This finding was our justification for pooling all sites 
for a given community type. We also summarized the mean 
proportion of vegetation for each life form. We calculated the 
mean using the proportion of each life form intersecting a 
transect at eight heights.

5.3.2	 �Soil

We conducted data analysis using SAS/STAT software, ver-
sion 9.2 of the SAS System for Windows (SAS Institute 
2002–2008). We used a linear mixed model with repeated 
measures (SAS PROC MIXED, SAS Institute, Cary, North 
Carolina, USA) to analyze patterns of total and soluble 
carbon and nitrogen and glomalin, and selected a model that 
contained both fixed (plant community) and random (sample 
location) effects, with depth as a repeated measure. We used 
the KR (Kenward-Roger) option to calculate degrees of free-
dom and selected covariance structures to minimize Akaike’s 
information criterion. We performed multiple pairwise com-
parisons of means using Fisher’s protected least significant 
difference test using a value of 5% (P < 0.05) as the mini-
mum criterion for significance unless otherwise noted. We 
evaluated assumptions of normality and identified appropri-
ate data transformations with SAS/ASSIST.

Using SAS PROC CORR, we characterized bivariate 
relationships between glomalin and the other soil properties 
by Spearman correlations. Unlike Pearson correlations, 
Spearman correlations do not assume bivariate normality 
and are less biased by outliers. Values given in text and 
graphs are the arithmetic mean ± the standard error of the 
mean expressed on an oven-dry soil basis.

5.4	 �Results and Discussion

Early work (through about 2005) was based on a simple 
binary sampling design comparing lupine-influenced zones 
to barren substrates. Beginning in 1990, living and dead 
lupines were delineated from each other and sample depths 
were standardized (0–5, 5–10 cm). By 2010, it was clear that 
there was a need to compare the initial herbaceous colonists 
(lupines) to other nitrogen-fixing species (upland alder) 
because woody species were becoming increasingly domi-
nant in the landscape. This initial shift in woody-plant abun-
dance has several important potential implications for plant 
succession (e.g., species turnover), microclimate (e.g., 
altered light regime, decreased wind, increased water reten-
tion), and soil genesis (e.g., heavy litter input, Frankia nitro-
gen influence). The current sampling approach, adopted in 
2011, moved away from simple binary comparisons to mul-
tiple comparisons among several sites representative of a 
gradient of plant community complexity.

5.4.1	 �Vegetation Structure

At the coarsest level, vegetation analyses revealed an unsur-
prising dichotomy between structurally simple herb-
dominated communities and comparatively complex 
shrub-dominated communities (Fig. 5.3). A significant dif-
ference was apparent between LDH and all other sites, and 
IDH and HDH were significantly different from both shrub 
community types, but not from one another. Shrub sites 
were similar to each other. However, when looking at the 
mean proportion of different life forms present at the sites, a 
more complex pattern emerged (Fig. 5.4). Bryophyte values 
were highest at IDH and HDH sites, lowest at shrub sites, 
and intermediate at LDH sites (Fig.  5.4a). Graminoids 
followed a more complex pattern, with the highest value 
in  SDU followed in decreasing proportion from 
HDH > LDH > SDR > IDH (Fig. 5.4b). Forb values generally 
increased from LDH to SDU (Fig. 5.4c). All herb-dominated 
sites had low shrub values, whereas SDR and SDU had a 
similar mean proportion of shrubs (Fig. 5.4d).

The plant communities reported in this chapter are more 
complex in terms of species richness and physical structure 
as compared with the lupine communities studied in the first 
decades after the eruption (Halvorson et  al. 1991, 2005; 
Halvorson and Smith 2009). In many locations on the Pumice 
Plain, the sequence of plant community development in 
upland habitats involved L. lepidus establishment, followed 
by rapid growth and spread of plants in expanding rings 
around the mother plant and maintenance of a near monocul-
ture for a few to several years. In this regard, lupine commu-

Fig. 5.3  Vegetation structural complexity across five plant community 
types on the Pumice Plain, Mount St. Helens, USA. Low-diversity herb 
(LDH), intermediate-diversity herb (IDH), high-diversity herb (HDH), 
shrub-dominated riparian (SDR), and shrub-dominated upland (SDU). 
Data points are mean values with error bars representing one standard 
error.

J.J. Halvorson et al.
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nities spread in something analogous to an advancing army 
front. These young and vigorously growing lupine populations 
appear to inhibit the establishment of other plant taxa (Morris 
and Wood 1989) until natural senescence ensues or is hastened 
by herbivores (Bishop et  al. 2005). Once a dieback event 
occurs, numerous wind-dispersed herbs and graminoids 
establish, and lupine rarely attains dominance, yet tends to 
persist as a community member for decades. The upland 
communities in this study represent different states along 
this general trajectory.

5.4.2	 �Soil

Soil bulk density, total and soluble carbon and nitrogen, and 
glomalin were strongly affected by plant community type, 
but this effect also depended on sample depth (Table 5.1). In 
general, differences among the community types were most 

apparent at the 0–5 cm depth, but there was little distinction 
among sites at the 10–20 cm depth. Most soil characteristics 
varied with depth, but these changes were often least evident 
in the LDH.

5.4.2.1	 �Bulk Density
Bulk density increased significantly with depth under most 
community types. The lower values of bulk density near the 
surface were likely associated with inputs of organic matter 
from vegetation and were particularly evident at 
SDR.  Conversely, soil bulk density for LDH did not vary 
with depth and showed less influence of organic inputs at the 
0–5 cm depth. Values of average bulk density at the 10–20 cm 
depth were similar for all locations, 1.42 ± 0.02 Mg m−3.

Surface values of bulk density in the LDH, IDH, and SDU 
community types were similar to those previously observed for 
barren pyroclastic sites, whereas those for the HDH and SDR 
sites were consistent with those found under lupine colonists 

Fig. 5.4  Mean proportion of vegetation by life form across five plant community types on the Pumice Plain, Mount St. Helens, USA. Data points 
are mean values with error bars representing one standard error.
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(Halvorson and Smith 2009). Values of bulk density at the 
10–20 cm depth changed little from those reported for young 
pyroclastic-flow deposits (Wilson and Head 1981).

5.4.2.2	 �Total Soil C and N
Concentrations of total soil carbon and nitrogen decreased 
significantly with depth under all community types, espe-
cially the SDR.  Differences among the community types 
were most evident at the 0–5  cm depth, with the highest 
concentrations of C and N in SDR soil and the lowest in the 
LDH soil. We also observed significant differences among 
community types for total soil C at the 5–10 cm depth, but 
not at the 10–20 cm depth (average 1.46 ± 0.26 g kg−1). Total 
soil nitrogen was less variable with depth and indistinguish-
able among community types at 5–10 and 10–20 cm, 0.16 ± 
0.02 and 0.12 ± 0.02 g kg−1, respectively.

Soil C/N ratios varied with main effects of depth 
(P  <  0.0001) and plant community (P  <  0.01). Higher 
ratios (13.3 ± 0.5) occurred at the surface, compared with 
11.6 ± 0.4 and 11.7 ± 0.4 at the 5–10 and 10–20 cm depths, 
respectively, and ratios were arrayed among the different 
plant community types in association with larger amounts 
of organic matter: SDR (15.1 ± 0.4) > SDU (12.5 ± 0.5) ≥ 
HDH (12.2 ± 0.4) ≥ IDH (10.7 ± 0.4) ≥ LDH (9.4 ± 0.4). 
In comparison, C/N ratios in the reference forest sites were 
much higher, 37.5 ± 1.5, 40.7 ± 3.3, and 36.7 ± 3.2 at the 
0–5, 5–10, and 10–20 cm depths, respectively. Increasing 
C/N ratios along the gradient of plant communities from 
LDH to reference forest sites suggest the accumulation of 
recalcitrant soil organic carbon, a result of greater inputs 
from vegetation over time, but may also derive from 
changes in fungal effects on decomposition during succes-
sion. Such changes may be associated with the increasing 
prevalence of ectomycorrhizal and ericoid mycorrhizal 
fungal associations, which produce enzymes (Phillips 
et  al. 2014) that may result in greater competition for 
nitrogen between free-living decomposers and plant hosts. 
Recently, Averill et  al. (2014) demonstrated that soils 
dominated by plants associated with ectomycorrhizal and 
ericoid mycorrhizal fungi store 1.7 times more C per unit 
N than do soils dominated by plants associated with arbus-
cular mycorrhizal fungi.

The LDH and HDH community types correspond most 
closely to the barren and lupine (L. lepidus)-influenced 
sites contrasted in earlier studies and show that organic 
matter has continued to accrue in developing pyroclastic 
soils since the eruption in 1980 (Fig. 5.5). From initial val-
ues near 0  in barren pyroclastic substrates (Engle 1983), 
concentrations of total C and N in the 0–5 cm depth of LDH 
sites increased after 31 years by an average of 81.3 ± 20.9 
and 8.1 ± 2.0 mg kg−1 year−1, almost twice as fast as those 
reported previously for bare sites (Halvorson and Smith 
2009). In comparison, by 2011, the concentrations of total 
C and N increased in HDH sites by an average 183 ± 35 and 

Fig. 5.5  Average values from the current study in relation to historic 
trends of (a) total soil carbon and (b) soil nitrogen in lupine-influenced 
(from under live or dead Lupinus lepidus) and barren pyroclastic soil. 
Pre-2011 values are averages with 95% confidence intervals determined 
by dry combustion. For barren samples n = 11, 18, 30, 10, 8, and 8 for 
1990, 1997, 2000, 2005, 2009, and 2010, respectively. For lupine-
influenced samples n = 22, 28, 29, 20, 8, and 8 for 1990, 1997, 2000, 
2005, 2009, and 2010, respectively. Data for 1990–2005 are from 
Halvorson and Smith (2009). Data for 2009 and 2010, from Jonathan 
Halvorson (unpublished), are from soil samples collected on 1 
September 2009 and 21 September 2010  in the same vicinity as the 
previous studies. Samples were collected, processed, and analyzed 
using methods and equipment identical to the current study.
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14.8 ± 2.9 mg kg−1  year−1, more comparable with earlier 
estimates under lupines (Halvorson et al. 2005; Halvorson 
and Smith 2009). The highest accumulations of total C and 
N in surface soil, equivalent to 665 ± 171 and 37.5 ± 9.1 mg 
kg−1 year−1, were associated with the SDR community type.

Relatively high concentrations of carbon and nitrogen 
observed in surface samples from SDU and SDR sites 
undoubtedly relate to significant accumulations of organic 
matter from leaf litter at these shrub-dominated sites and per-
haps to the difficulty in clearly delineating the surface of the 
mineral soil. Total carbon and nitrogen at both sites were 
about 380 and 19 g kg−1 in the coarse fractions of the organic 
layer (>2 mm) and about 200 and 11.5 g kg−1 in the finer 
fraction (<2 mm), respectively (Jonathan Halvorson, unpub-
lished data).

5.4.2.3	 �Water-Extractable C and N
Cool-water-extractable C and N decreased with depth, espe-
cially in the SDU and SDR community types. The highest 
concentrations were extracted from the shrub-dominated 
community types, whereas lower concentrations were 
extracted from the herb-dominated communities, especially 
LDH. Differences among community types diminished with 
depth and were absent at 10–20 cm, averaging 36.5 ± 2.5 and 
2.6 ± 0.2 mg kg−1 for extractable C and N, respectively. Hot 
water extracted two to three times more C and N in patterns 
similar to cool water; the highest concentrations and greatest 
variability among community types occurred at the 0–5 cm 
depth, and shrub-dominated community types had higher 
concentrations compared to LDH. However, unlike total or 
cool-water-extractable C and N, higher concentrations of 
hot-water-extractable C and N were found at the 5–10 and 
10–20 cm depths under the shrub-dominated and HDH com-
munities than under the LDH.

The C and N extracted from soil with cool water may cor-
relate to soluble plant residues, whereas C and N recovered 
after hot-water incubation correlate with soil microbial bio-
mass C and N, mineralizable N, and total carbohydrates 
(Ghani et  al. 2003; Curtin et  al. 2006). Both cool- and 
hot-water-extractable C have been found to be related to soil 
microbial activity in patterns affected by soil and plants 
(Uchida et  al. 2012). Earlier studies of Mount St. Helens 
pyroclastic deposits by Halvorson and Smith (2009) reported 
higher water-extractable C and N values, decreasing with 
depth, under lupines, as compared with barren sites. More 

importantly, they found that the amount of hot-water-soluble 
C was indistinguishable from microbial biomass C measured 
by substrate-induced respiration. Estimates of soil microbial 
biomass C at 0–10 cm depth under herb-dominated commu-
nity types, if still comparable to hot-water-extractable C, 
were slightly higher than those reported in 2005 and equiva-
lent to about 5% of the total soil C.

5.4.2.4	 �Glomalin
Average concentrations of glomalin were greatest in the 
0–5 cm depth but varied among community types with high-
est values for SDR and lowest for LDH. Concentrations of 
glomalin decreased with depth to a similar low value across 
all sites at the 10–20 cm depth (0.24 g kg−1 soil). Glomalin 
was strongly and positively correlated with total and soluble 
soil C and N at each depth (Table 5.2), but negatively corre-
lated with soil bulk density. With the exception of LDH, esti-
mates of glomalin in 0–5 cm depth were within the broad 
range of values reported for temperate and boreal forests 
(0.6–5.8 g kg−1) (Singh 2012). However, these values were 
lower than at two old-growth reference forests located about 
40 km to the NE of Mount St. Helens that ranged from 8.4 to 
4.0 g kg−1 at 0–5 and 10–20 cm (Table 5.1).

In other studies (Rillig et  al. 2003; Emran et  al. 2012; 
Gispert et al. 2013; Vasconcellos et al. 2013), glomalin has 
been found to be positively correlated with soil C and N but 
negatively correlated with soil bulk density. Glomalin pro-
duction is generally higher under conditions that favor AMF 
activity (Ryan and Graham 2002) or diversity (Helgason 
et al. 1998), such as minimal physical disruption of the soil 
(Wright et al. 1999; Borie et al. 2000; Wright and Anderson 
2000), higher levels of plant diversity, or low to moderate 
soil fertility (Treseder and Allen 2002; Lovelock et al. 2004a; 
Treseder 2004). Changes in glomalin have also been related 
to the amount of physical disruption of soil or to shifting 
plant communities (often afforestation) (e.g., Treseder and 
Turner 2007; Fokom et al. 2012). For example, sites under 
arable land use showed an exponential decrease in glomalin 
levels by ~60% after 110  years (Spohn and Giani 2010, 
2011). Conversely, glomalin in soil increased with the 
amount of time under conservation management, including 
reduced tillage, elimination of fallow periods, use of peren-
nial crops, and greater annual crop diversity (Wright and 
Anderson 2000; Rillig et  al. 2001; Harner et  al. 2004; 
Staddon 2005).

Table 5.2  Spearman correlations between BRSP and selected soil properties for pooled data across vegetation community types.

Depth n Bulk density Total soil C Total soil N
Total water- 
extractable soil C

Total water-
extractable soil N

0–5 cm 35 −0.62*** 0.96*** 0.94*** 0.94*** 0.92***

5–10 cm 36 −0.44** 0.89*** 0.91*** 0.90*** 0.86***

10–20 cm 36 −0.51** 0.78*** 0.78*** 0.84*** 0.84***

*P < 0.05; **P < 0.01; ***P < 0.0001.
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5.4.2.5	 �Standing Pools of Total C, N, and Glomalin
Standing stocks of organic matter, including glomalin, are 
the net result of processes that affect its production, such as 
increased net primary productivity, and those that affect its 
decomposition, such as soil microbial community structure, 
moisture, temperature, or disturbance (Treseder and Turner 
2007). Stocks of total C, N, and glomalin in the top 20 cm, 
calculated from data in Table 5.1, varied with plant commu-
nity type (Fig. 5.6) and were similarly arrayed (SDR ≥ SDU 
≥ HDH ≥ IDH ≥ LDH). Values ranged from 1406 ± 238, 84 
± 13, and 241 ± 36 g m−2 at SDR sites for total C, N, and 
glomalin, respectively, to 358 ± 89, 36 ± 7, and 62 ± 8 g m−2 
at LDH sites. Vegetative complexity/diversity data showed 
no meaningful difference between SDU and SDR (Fig. 5.3), 
a pattern consistent with total C and N (Fig.  5.6a, b). 
However, higher glomalin values for SDR sites (Fig. 5.6c) 
may relate to the age of the plant communities. The SDR 
sites were among the first to establish (circa late 1980s), 
whereas the SDU sites initiated later (about 2005). Thus, 
SDR sites had been accumulating organic matter in com-
paratively large quantities for 20–25  years. In addition, 
SDU sites had formerly been colonized by forb and grass 
species that are slowly waning but still present, whereas in 
the SDR sites, the transition to shrubs has been underway 
for decades. The SDU community type was notable for the 
relatively large pool of total C and N at 10–20 cm depth, not 
observed in other community types. Increasing C and N 
with depth suggests the presence of substantial amounts of 
soil organic matter at depths greater than those examined in 
this study. Such patterns can result from deeper root distri-
bution under upland shrubs, together with reduced rates of 
decomposition with depth related to changes in the activity 
and composition of microbial communities (Gill and Burke 
2002; Fierer et al. 2003), and point to the need for a more 
complete sampling of the soil column in future studies. 
Similarly, the comparatively large pools of total C, N, and 
glomalin in the reference forest sites also increased with 
depth, to about 7455 ± 734, 189 ± 13, and 864 ± 71 g per 
m−2, respectively.

5.4.2.6	 �Glomalin Carbon and Nitrogen
The carbon content of glomalin is known to vary with depth 
or concentration and to be affected by extraction method, 
ranging between 27% and 43%, although glomalin nitrogen 
is more narrowly defined, about 2–4% (Nichols and Wright 
2005; Halvorson and Gonzalez 2006). Estimates based on an 
average composition of 35% C and 4% N showed little varia-
tion among community types but demonstrated that glomalin 
differentially accounted for about 6.2 ± 0.3 < 7.3 ± 0.3 ≤ 8.0 ±  
0.5% of the total soil C at 0–5, 5–10, and 10–20 cm depths or 
0.52  ±  0.09, 0.13  ±  0.02, and 0.09  ±  0.01 g kg−1, respec-
tively. Glomalin accounted for about 9.6 ± 0.3% (0.028  ±  
0.004 g kg−1) of soil N, irrespective of depth. Though affected 

Fig. 5.6  Average (standard error) total pool sizes of (a) soil carbon, (b) 
soil nitrogen, and (c) glomalin (BRSP) in mineral soil under different 
plant community types growing on Mount St. Helens pyroclastic sub-
strates in 2011. Values are depth-weighted and calculated from data in 
Table 5.1 (n = 6–9). Letters denote differences among community types 
at the 0–20  cm depth (log-10 transformed data, protected LSD, 
P ≤ 0.05). Data for reference forest sites (REF) are shown for compara-
tive purposes but not included in the statistical analyses. Note the use of 
log-10 scales on the y-axes.
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Fig. 5.7  Estimated average (standard error) values for (a) glomalin-C 
as a function of total soil C and (b) glomalin-N as a function of total soil 
N. Values were derived from measurements of BRSP assuming 35% C 
and 4% N. Note log-10 scales on the x-axes.

by the method used to extract glomalin, these numbers are in 
reasonable agreement with earlier values for Mount St. 
Helens pyroclastic substrates (Halvorson and Smith 2009) 
and some other studies (Woignier et  al. 2014), but higher 
than the 3–5% of the total C and N pools typical of temperate 
and tropical sites (Rillig et  al. 2001, 2003; Nichols 2003; 
Lovelock et al. 2004a; Halvorson and Gonzalez 2006; Jorge-
Araújo et al. 2015).

Enrichment of glomalin-C with depth can be attributed 
to older and more recalcitrant forms of organic matter that 
may be co-extracted with glomalin (Woignier et al. 2014) 
but can also be associated with soil disturbance or changes 
in plant communities. Studies by Spohn and Giani (2010, 
2011) found that the ratio of glomalin-related soil protein 
to total organic carbon increased over time after conver-
sion from forest soils to arable soils. A plot of the propor-
tion of glomalin-C against total soil C (Fig. 5.7a) suggests 
production or retention of glomalin relative to other pools 
of soil organic matter may be especially significant when 
organic matter is low. The concentrations of glomalin 
observed in surface samples at pyroclastic sites (0–5 cm) 
accounted for a nearly constant proportion of the total 
pool of soil C.

Although different trends were observed among the 
sites, the proportion of glomalin-N also appeared to 
decrease as the concentration of total soil N increased to 
0.2–0.3  g kg−1, particularly at the 10–20  cm depth. 
However, there was also evidence for increasingly higher 
proportions of glomalin-N accompanying higher concen-
trations of soil N observed in surface (0–5  cm) samples 
from the pyroclastic sites and the reference forest sites 
(Fig. 5.7b). Relatively high enrichment of glomalin-N in 
pyroclastic substrates may reflect strong demands for a 
limited pool of soil N by plants that induce AMF produc-
tion (Johnson 2010) and thus the amount of N stabilized in 
glomalin. Nitrogen incorporated into the structure of glo-
malin would be stabilized against microbial mineralization 
but likely still functionally active with respect to gloma-
lin’s effects on soil structure (Rillig et al. 2007). However, 
although buffered from losses, it is not clear whether the 
nitrogen in glomalin itself or occluded in glomalin-related 
aggregates would be accessible to plants. Thus, sequestra-
tion of N in the hyphae of symbiotic AMF might remove it 
from the pool of nutrients readily available to the host 
plant but could also form the basis of an exclusionary com-
petitive mechanism beneficial to the host by limiting 
access to nutrients by competitors.

5.5	 �Conclusions

Through their effects on plant physiology, soil ecological 
interactions, and soil engineering, mycorrhizal fungi are 
important but incompletely understood drivers of pedogenic 

processes during primary succession (e.g., Rillig and 
Steinberg 2002; Rodriguez et al. 2009; Torres et al. 2012). 
Formation of stable soil organic matter is typically the result 
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of a relatively slow series of decomposition processes that 
can be constrained, in early successional sites, by the avail-
ability of exogenous inputs or by environmental conditions 
that limit microbial activities. Alternatively, compounds such 
as glomalin, a glycoprotein produced by arbuscular mycor-
rhizal fungi, may form relatively early during soil develop-
ment and improve aggregate stabilization, water infiltration, 
and carbon and nitrogen storage.

The presence of glomalin in Mount St. Helens pyroclastic 
substrates is further evidence of the positive feedbacks 
between plants, microorganisms, and soils thought to play a 
central role in early successional communities. Our data sug-
gest that C, N, and glomalin concentrations increase together 
with vegetation complexity, and in this sense there appears to 
be a coupling between plant community development and 
soil genesis during early primary succession although the 
two may not synchronize. Although establishment of woody 
plants (shrubs) is an ecological threshold for plant commu-
nity change and development, changes in soil genesis likely 
lag behind vegetative community structure. Even small 
amounts of microbially produced substances like glomalin 
may have disproportionate effects on soil processes and plant 
development prior to the accumulation of humified soil 
organic matter. However, the details of these effects, together 
with a more complete understanding of the evolving roles of 
fungi during primary succession, remain to be elucidated.
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Glossary

Arbuscular mycorrhizal fungi  A plant-fungal relation-
ship, found in over 90% of vascular plants, in which the 
fungus penetrates the cortical cells of the roots and forms 

highly branched arbuscules and, in some species, vesi-
cles. These fungi provide nutrients and water to plants as 
well as assisting in soil structure and disease prevention.

Ectomycorrhizal fungi  A plant-fungal relationship, found 
in about 2% of plant species, particularly woody plants, 
in which the fungus, primarily basidiomycetes and some 
ascomycetes, forms a dense hyphal sheath, known as the 
mantle, around the root surface. The hyphal network may 
extend several centimeters into the surrounding soil to 
aid in water and nutrient uptake, often helping the host 
plant to survive adverse conditions, in exchange for 
carbohydrates.

Ericoid mycorrhizal fungi  A plant-fungal relationship 
between members of the plant family Ericaceae, such 
as blueberries, cranberries, and Rhododendron, and sev-
eral lineages of fungi in acidic and nutrient poor soils 
found in boreal forests, bogs, and heathlands. The fungus 
establishes loose hyphal networks around the outside of 
hair roots, from which they penetrate the walls of cor-
tical cells to form intracellular coils that can densely 
pack individual plant cells. The coils function only for 
a period of a few weeks before the plant cell and fun-
gal hyphae begin to degrade. The coils are where nutri-
ents are exchanged for carbohydrates, and these fungi 
also have enzymatic capabilities to break down complex 
organic molecules and act as saprophytes, living on dead 
or decaying organic matter.

Mycorrhiza(e)  A symbiotic association between a fungus 
and the roots of a host plant where the body of the fungi 
are thread-like hyphae that extend the root system. The 
mycorrhizal association is generally mutualistic, playing 
important roles in soil biology, chemistry, and physics, 
but in particular species or in particular circumstances, 
mycorrhizae may be variously pathogenic in host plants.

Photosynthate  A chemical product of photosynthesis—
carbohydrates that are synthesized from carbon dioxide 
and a source of hydrogen (usually water), using light as 
an energy source.
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