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Abstract

Distinct aggregations of fungal hyphae and rhizomorphs, or “mats” formed by some
genera of ectomycorrhizal (EcM) fungi are common features of soils in coniferous
forests of the Pacific Northwest. We measured in situ respiration rates of Piloderma
mats and neighboring non-mat soils in an old-growth Douglas-fir forest in Western Ore-
gon to investigate whether there was an incremental increase in respiration from mat
soils, and to estimate mat contributions to total soil respiration. We found that areas
where Piloderma mats colonized the organic horizon often had higher soil surface flux
than non-mats, with the incremental increase in respiration averaging 16 % across two
growing seasons. Both soil physical factors and biochemistry were related to the higher
surface flux of mat soils. When air-filled pore space was low (high soil moisture), soil
CO, production was concentrated into near-surface soil horizons where mats tend to
colonize, resulting in greater apparent differences in respiration between mat and non-
mat soils. Respiration rates were also correlated with the activity of chitin-degrading
soil enzymes. This suggests that the elevated activity of fungal mats may be related
to consumption or turnover of chitinous fungal cell-wall materials. We found Piloderma
mats present across 57 % of the soil surface in the study area, and use this value to
estimate a respiratory contribution from mats at the stand-scale of about 9 % of total
soil respiration. The activity of ECM mats, which includes both EcM fungi and microbial
associates, was estimated to constitute a substantial portion of total soil respiration in
this old-growth Douglas-fir forest.

1 Introduction

Soil respiration can have substantial influences on total forest carbon balance (Trum-
bore, 2006), and teasing apart component sources of soil respiration is an important
step towards describing and predicting these fluxes. CO, production by roots and
soil microbes have been shown to differ from each other in timing and sensitivity to
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environmental variables (Carbone et al., 2008; Querejeta et al., 2003; Heinemeyer
et al.,, 2007). The activity of EcM fungi, however, which are strictly speaking het-
erotrophic organisms but intimately dependent on plant carbon sources, does not fit
neatly into plant or microbial categories. Mycorrhizal respiration is rarely quantified di-
rectly in the field, but is more often measured as a component of the pooled respiration
from roots and their microbial associates, and called “rhizosphere,” “autotrophic,” or
even “root” respiration (Tang and Baldocchi, 2005; Irvine et al., 2008; Carbone et al.,
2008).

A potential opportunity to assess ectomycorrhizal (EcM) respiration is through exam-
ination of soils occupied by EcM mats. Mat-forming EcM fungi have a nearly global dis-
tribution (Castellano, 1988), and are common in coniferous forests of the Northwestern
United States, where they form visible mats of rhizomorphs, or hyphal cords, in organic
and mineral soil (Agerer, 2001, 2006). EcM mats in the Douglas-fir forests of West-
ern Oregon have been the subjects of a series of studies spanning thirty years, and
have been shown to have distinct biological and chemical characteristics compared
to adjacent soils without obvious mat development (non-mat soils). Mat characteris-
tics include elevated levels of dissolved nitrogen and carbon, higher enzymatic activity,
unique microbial communities, and elevated respiration rates in lab incubations (Zeglin
et al., 2012; Griffiths et al., 1994; Griffiths and Caldwell, 1992; Kluber et al., 2010).
Because EcM mats can be abundant, especially in late seral stands (Griffiths et al.,
1996; Dunham et al., 2007; Smith et al., 2000), their high metabolic activity could
contribute substantially total forest soil respiration. In the present study, we employed
a non-destructive approach to estimate mat contributions, by measuring the incremen-
tal increase in soil surface CO, efflux associated with mats compared to neighboring
non-mat soils.

In some of the few other studies to estimate EcM respiratory contributions in situ,
Heinemeyer et al. (2007, 2011) installed mesh and solid partitions to exclude either
roots or fungal mycelia from soil, and estimated as much as 25 % of total soil respi-
ration came from EcM hyphae in an early seral, lodgepole pine forest, and 18 % in
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a deciduous oak system. While physical exclosures greatly reduce the abundance
of hyphae and/or roots, some trade-offs include the tendency to increase soil mois-
ture, reduce labile soil carbon inputs, and the elimination of non-target genera such as
saprotrophic fungi.

Investigating soil respiration rates of natural areas with and without EcM mats may
provide a technique that complements other partitioning methods, without severing
connections to surrounding soil. Previous work indicates the presence or absence of
mat-forming fungi has fewer confounding correlates than comparisons of bulk soil with
hyphal exclosures. Rhizomorphic mats in the organic soil horizon have shown similar
soil water content and root abundance as non-mat soils (Griffiths et al., 1990; Kluber
et al., 2010). Recent molecular analyses of mat and non-mat soils also showed that
non-mat soils are not devoid of fungi, but rather may be dominated by non-rhizomorphic
fungi, including both EcM and saprotrophic fungi, that are less visible to the naked eye
(Kluber et al., 2011).

Although non-mat soils do not strictly exclude EcM fungi, comparisons of mat and
non-mat soils may nevertheless help elucidate the respiratory contributions of EcM
fungi by indicating how aggregations of one particularly abundant EcM genus alters
soil CO, fluxes. Working in an old-growth forest (300-500yr) at the HJ Andrews Ex-
perimental Forest in Oregon, USA, we sought to quantify differences in soil surface
CO, flux between mats in the Piloderma genus and non-mat soils. Piloderma is the
most common mat-forming EcM genus at HJ Andrews (Dunham et al., 2007), and its
mats are easily recognized and delineated from non-mat soils by thick white or yellow
rhizomorphs in the organic horizon.

Measuring respiration rates across two growing seasons, our primary research ques-
tion was: (1) Is there an incremental increase in soil surface CO, flux from Piloderma
mats compared with non-mat soil? In the event a discernable increase could be de-
tected, our secondary questions were: (2) How does the incremental difference in
respiration vary seasonally with soil moisture and temperature? And (3) does the in-
cremental increase in mat respiration relate to root biomass, soil physical properties, or
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soil enzyme activities? Finally, we sought to scale-up to the stand-level and inquire (4)
what is the abundance of EcM mats across the stand, and what proportion of stand-
level soil respiration is associated with EcM mats?

2 Materials and methods
2.1 Site description

The 0.1 ha study site was located at the HJ Andrews Experimental Forest, part of the
Willamette National Forest, Oregon, USA (44°13'25" N, 122°15'30" W, 484 m above
sea level). EcM mats are common at HJ Andrews, and we choose this site in part
because it contained sufficient not-mat areas to provide contrasts with mat-colonized
soils, and it has also been examined in previous studies (Zeglin et al., 2012; Dunham
et al., 2007; Kluber et al., 2011; Griffiths et al., 1996). The forest was ~ 450yr old,
dominated by Douglas-fir (Psuedotsuga menziesii) and western hemlock (Tsuga het-
erophylla), both hosts for many EcM species, and western redcedar (Thuja plicata),
a host for arbuscular mycorrhizal fungi, which do not form mats. Fallen logs in ad-
vanced stages of decay were common. The soil has strong andic properties and is
classified as coarse loamy mixed mesic Typic Hapludands (Dixon, 2003), with an O-
horizon depth of 4-9cm.

This region experiences a Mediterranean (xeric) climate, with cool, moist winters
and warm, dry summers. At this elevation snow accumulation is generally minimal;
however, the winter during which the study was performed experienced record snow
levels, with snow persisting from late December 2007—April 2008.

2.2 Identification of fungal mats

For the purposes of this study, mats were defined as dense profusions of rhizomorphs

that aggregate humus or soil, are associated with obvious EcM root tips, and are uni-

form in structure and appearance for a depth of at least 2cm and an area at least
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12cm in diameter. This definition is adapted from Dunham et al. (2007), who devel-
oped a criteria with input from Griffiths and Cromack to be consistent with earlier EcM
mat studies (Cromack et al., 1979; Griffiths et al., 1990). Dunham et al. characterized
the distribution of mat-forming EcM species in the organic and mineral soil horizons
across the H. J. Andrews Experimental Forest, and showed that Piloderma (Basidiomy-
cota; Agaricomycotina; Agaricomycetes; Agaricomycetidae; Atheliales; Atheliaceae)
was the most common and widespread genera colonizing organic soils. Piloderma
mats appear as stringy white or yellow rhizomorphs that permeate the organic soil
horizon (Fig. 1). We initially identified mats as Piloderma-like visually in the field, and
later confirmed their identity using molecular approaches (described below).

Mat and non-mat areas were identified by conducting an initial survey of the site in
July 2006. We randomly choose 50, 1 x 1 m quadrats to quantify mat percent cover. We
peeled back the bryophyte layer to expose the organic horzion to search for Piloderma
mats, and then gently lifted the organic layer to look for other mat genera that colonize
the mineral-organic soil interface. We determined our site had a very low occurrence
of mats at the mineral soil interface (Table 1), therefore we focused our subsequent
work only on Piloderma-like mats and non-mat areas. We estimated the area occupied
by each mat by multiplying the average width and length from 3 to 5 measurements in
each major axis. We also quantified the area occupied by large roots or downed logs
that prevented colonization of the organic horizon, and thus determined two values for
mat cover: the percentage of exposed soil available to be colonized by mats, and the
percentage of the entire surveyed area.

We identified 21 areas that were suitable for paired respiration measurements, con-
taining dense mats adjacent to distinctly non-rhizomorphic soil (<1 m apart). To mini-
mize potential rhizomorph colonization in non-mat areas over the course of the exper-
iment, or recession of rhizomorphs in mat areas, we also required that both mats and
non-mats had to be at least 15cm in diameter. Twelve of these candidate pairs were
randomly selected for long-term respiration measurements.
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To confirm that the mats used in this study were indeed formed by Piloderma, we
used terminal restriction fragment lengthpolymorphism (T-RFLP) analysis as described
by Kluber et al. (2011). This method has been shown to be robust and reliable because
the T_RFLP profiles of Piloderma mats are distinct and dominated by a characteristic
Piloderma fragment (Kluber et al., 2011). A small amount of soil (~ 10 g) was sampled
in June 2008 adjacent to each respiration measurement area, and the entire respira-
tion measurement area (~ 100 g) was resampled again at the completion of respiration
measurements, to assess whether Piloderma persisted as the dominant phylotype over
time.

2.3 Soil respiration measurements

Soil surface CO, efflux rates were measured with a portable gas exchange system
and soil efflux chamber (Li-Cor model 6400 and 6400-19, respectively, LI-COR Bio-
sciences, Lincoln, NE, USA). To provide an interface between the soil and the respi-
ration chamber, collars constructed from schedule 40 PVC pipe were pushed ~1cm
into the organic horizon. Each individual respiration measurement covered 80.3 cm?
of ground surface. Any potential severing of roots or hyphae appeared to be minimal
because the thick soil humus tended to compress under the collar rims. Soil collars
were installed 48 h prior to initial measurements and left in place for the duration of the
study. Bryophytes and small green plants growing inside the collars were removed,
and a plug of unrooted bryophytes was replaced in the collar between measurement
dates to mimic surrounding ground cover.

To check that mat soils remained rhizomorphic and non-mat soils did not become
rhizomorphic over the course of the study, we probed the O-horizon adjacent to soil
collars approximately every 2 months to detect changes in rhizomorph density.

1641

BGD
9, 1635-1666, 2012

Ectomycorrhizal mat
respiration

C. L. Phillips et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
4 >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/1635/2012/bgd-9-1635-2012-print.pdf
http://www.biogeosciences-discuss.net/9/1635/2012/bgd-9-1635-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

2.4 Temporal variation in mat respiration increment

Soil temperature and moisture were measured concurrently with respiration measure-
ments, and analyzed as potential seasonal drivers of mat respiration increment. Tem-
perature at 10 cm depth was measured by inserting a probe adjacent to the respiration
collars. We measured gravimetric water content in the O-horizon, and at 5 and 15cm
below the mineral soil surface, by collecting soil cores from five small coring fields es-
tablished across the study area, and associating each soil collar with moisture values
from the nearest coring field.

To better understand how moisture variability may effect soil surface flux rates, we
also established instrumented soil profiles in two area — one mat-dominated and one
non-mat-dominated — to calculate the relative contributions of sub-surface horizons to
surface flux (Fig. 2). Previous work has shown the contributions of the O-horizon can
vary seasonally with soil moisture (Davidson et al., 2006), which implies that surface
flux measurements may not be equally sensitive to differences between mat and non-
mat activity throughout the year. We anticipated that as soils dried down, surface
fluxes would originate from deeper, wetter soils, and relative contributions from the O-
horizon would decrease. To test this, we vertically partitioned CO, production at our
site following the approach of Davidson et al. (2006), in which CO, fluxes derived from
each soil horizon are modeled according to Fick’s first law of diffusion:

dcC
FzDSE (1)

where F is CO, efflux (mmol m2s™ ), Dg is the effective CO, diffusivity in soil (m2 s )s
C is CO, mole concentration, and z is depth. We calculated fluxes approximately every
2 months during the growing season, based on CO, concentrations collected from
30ml gas wells that we drilled into the interfaces between genetic soil horizons from
a hand-dug trench. We estimated Dg as described by Moldrup et al. (1999), using
soil temperature and volumetric water content measurements from probes buried at
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each depth (temperature with Type-T thermocouple, Omega Corp, and moisture with
CS-615 TDR probe, Campbell Scientific, Logan, Utah, USA).

CO, samples were collected into 12 ml Exetainer™ vials (Labco, UK), which were
pre-flushed with N, and evacuated in the field with a handpump. CO, samples were
analyzed within 48 h in the laboratory using a LiCor-6252 infrared gas analyzer (LI-
COR Biosciences, Lincoln, NE, USA) configured for injection of small volumes (David-
son and Trumbore, 1995). A calibration curve was created by injecting standard gases
to translate peak height to CO, concentration. The combined standard uncertainties of
the measurements, which include sampling and instrument uncertainties (NIST guide-
lines, Taylor and Kuyatt, 1994), was determined based on replicate analyses to be
3.8 % of CO, concentration.

We quantified production in each horizon as the difference between fluxes leaving
the top and entering the bottom of each horizon. For the O-horizon, production was
estimated as the difference between surface efflux and the incoming flux from the A-
horizon. Production from the C-horizon and below was estimated as the flux of CO,
from the top of the C-horizon.

2.5 Spatial drivers of mat and non-mat respiration

We conducted a number of analyses to assess potential factors influencing spatial
variation in soil surface flux. In addition to the twelve long-term measurement loca-
tions described above, at the outset of the study we randomly chose an additional 9
Piloderma mat and 5 non-mat soils for one time destructive sampling. After measur-
ing surface CO, efflux at each location, we removed cores to measure root biomass,
substrate quality as indicated by %C and %N, soil pH, moisture, and litter depth. Soil
cores 8cm in diameter were separated into 4 depth increments: the entire O-horizon,
0-10cm, 10-20cm, and 20-35cm below the mineral soil surface. Fine root (<2mm
diameter) and total root biomass were determined by wet sieving soils, and picking
roots by hand. We measured total soil C and N by drying 1g of organic soil and
5g of mineral soil at 65°C for 48 h, grinding soils to fine powder on a roller mill, and
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analyzing 3—10 mg subsamples on a Costech ECS-4010 elemental combustion ana-
lyzer (Costech Analytical, Valencia, CA, USA) against an atropine standard.

At the completion of the study in November 2008, we also destructively har-
vested the long-term respiration measurement locations and analyzed the activity of
chitin-degrading enzyme, N-acetyl-b-D-glucosaminidase (chitinase or NAGase), as de-
scribed by Kluber et al. (2010). We chose to focus on this enzyme because a survey
of EcM mat enzyme activity across HJ Andrews showed that chitinase was the only
enzyme to differ significantly between Piloderma mats and non-mat soils (Kluber et al.,
2010). Chitinase has also been shown by others to correlate strongly with independent
measures of fungal biomass (Miller et al., 1998). Here we examined whether chitinase
activity correlated with soil surface CO, flux rate.

2.6 Data analysis

We tested whether the respiration increment between neighboring mat and non-mat
pairs was different from zero in each year of the study using a linear mixed effects
model, with pair location as a random effect, and a linear correlation matrix to ac-
commodate unequal sampling intervals over time (Pinheiro and Bates, 2000). Results
from 2006 and 2007 were analyzed independently due to large differences in moisture
conditions and in respiration magnitude and variance.

To examine correlations between mat respiration increment and moisture and tem-
perature, we started by describing respiration at each location as an exponential func-
tion of temperature and moisture (Martin and Bolstad, 2005):

F = aegP7+PM (2)

where F is surface flux, T is soil temperature, and M is soil moisture. To linearize this
equation we took the natural logarithm of each side

InF =Ina+ BT +BoM 3)
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and calculated the difference between neighboring mat (F,,) and non-mat soils (F,y)
as follows:

F

InF,—InF, =In[ =) =InR,, (4)
an

where R, is the ratio of mat and non-mat fluxes, or mat respiration increment. Mat res-

piration increment was related to the average temperature (7,,,) and O-horizon mois-

ture (M,,) for each neighboring mat and non-mat pair as follows:

INRy, =INa+ BT e + BoMaye (5)

We solved for coefficients in Eq. (5) using a statistical linear mixed effects model, with
temperature and moisture as fixed effects, pair location as a random effect, and a linear
correlation matrix for the variance-covariance structure to account for repeated mea-
sures.

We also examined whether any of the soil properties from destructively-harvest cores
correlated with respiration rates by analyzing individual linear regressions for each soil
property. For the vertical partitioning analysis, we used Monte Carlo simulations to
propagate uncertainties for component measurements and calculate overall uncertain-
ties for production from each horizon. All analyses were performed with S-PLUS v.8.

3 Results
3.1 EcM mat respiration increment

Visual checks of rhizomorph abundance indicated most mat and non-mat soils re-

mained stable over the course of the study; however, in the second growing season, we

omitted three pairs in which the mat soil became too weakly rhizomorphic to be con-

sidered mats, and two pairs in which the non-mat soils became colonized. Thus, only

seven of the original 12 pairs were analyzed in summer 2008. We only included date

ranges for each pair where we had positive visual confirmation of the soil conditions.
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The difference in respiration between neighboring mat and non-mat pairs was greater
than zero on most, but not all, sampling dates (Fig. 3). Surface flux from Piloderma
mats averaged 17 % higher than non-mat soil during the first growing season (95 %
Cl=10-25%), and 16 % higher in the second growing season (95 % Cl =7-27 %).
However, the mat respiration increment was especially variable in the second year of
the study. In early June 2008 there was a notable high, but brief, spike in mat respiration
increment, with mat surface flux averaging almost 40 % higher than non-mat surface
flux. When we sampled again only two weeks later mat the respiration increment was
not statistically different from zero and remained low throughout the summer. Mat
respiration increment was again high following fall wet-up in November 2008, but with
greater spatial variability than previous sampling dates.

3.2 Seasonal variation

While raw surface CO, efflux rates from both mat and non-mat soils correlated strongly
with soil temperature, mat respiration increment did not show a relationship with soil
temperature (Fig. 5). Mat respiration increment did, however, track closely with soil
moisture (Figs. 3, 4). O-horizon soil moisture was a significant predictor of mat respira-
tion increment (P < 0.001), and for every 10 % increase in moisture, the mat respiration
increment increased by 8 % (95 % Cl = 3.6-13.9 %, Fig. 6).

We also found correlations between soil moisture and the estimated proportion of
soil respiration produced in the O-horizon (Fig. 7). From analyses of CO, profiles
in mat and non-mat areas of the study site, the estimated contributions from the O-
horizon averaged 73 % of total surface flux (95 % Cl =61-85 %), but ranged from as
much as 93 % in May, when snow had just melted and the ground was essentially
saturated, to 37 % in August, when the soil was extremely dry (4-6 % water content at
the O/A interface). CO, contributions from the A-horizon were small when calculated
with this approach, and we even calculated a CO, sink in the A-horizon in early October
of both years, when the O-horizon had regained more moisture than the underlying
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mineral soil. The errors associated with these negative production values were large,
however, due to variable CO, concentrations.

Overall, the vertical partitioning results indicate that when soils were moist, the ma-
jority of surface efflux originated from shallow depths where Piloderma colonizes, with
only minor contributions from sub-mat deeper soil. Under dry conditions in the late
summer, however, the source of CO, appeared to shift to deeper soil horizons (see
August 2007 and July 2008). Correlations between CO, production and soil moisture
measured in each horizon (Fig. 9) indicate that the B and C horizons tended to in-
crease CO, production as soil dried, suggesting that high moisture in the spring and
fall may actually suppress aerobic respiration in deep soil layers. As deeper soil layers
dry through the summer, increases in CO, production from deep horizons may make it
more difficult to detect differences between mat and non-mat organic soil.

3.3 Spatial variation

From cores sampled at the outset of the study, we found no significant individual corre-
lations between respiration rate and soil moisture, fine root biomass, total root biomass,
%C, %N, C: N ratio, or litter depth (Table 2). Furthermore, none of the soil characteris-
tics, including respiration, differed significantly between mat and non-mat soils for this
set of non-paired soil locations.

We did, however, find a significant correlation between respiration rate and NAGase
activity, from cores collected at the end of the study (Fig. 9). Chitinase activity explained
68 % of the variance in soil surface respiration. Chitinase activity of mats was about
40 % higher than neighboring non-mat soils (1.23 vs. 0.77 mmol substrate h™', one-
tailed P = 0.055 for paired f-test).

3.4 Stand-level cover and respiration from Piloderma mats

Surveys of the 0.1 ha study area revealed almost half of the forest floor contained EcM
mats (Table 1). Piloderma-like mats occupied approximately 42 % of the surveyed area
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and mats colonizing the mineral-soil surface occupied another 1.9%. Trees, coarse
roots, and coarse woody debris also covered about 23 % of the soil surface. Excluding
these areas that prevented mat colonization, almost 57 % of the available soil surface
was occupied by Piloderma-like mats, and 2.6 % was occupied by mats at the mineral
soil surface.

To estimate the contribution of Piloderma mats to total soil respiration across the
whole study area, we multiplied the percent cover of Piloderma mats (56.6 %) by the
average mat respiration increment. We estimated that Piloderma mats contributed
9.6 % of total soil respiration in the first, wetter, year (95 % Cl=10-14 %) and 9.1 % in
the second, drier, year (95 % Cl =4-15 %).

4 Discussion

We found generally higher surface CO, efflux from mat soils compared to neighboring
non-mat soils, with an average incremental difference of about 16 % across the 2007
and 2008 growing seasons. The in situ differences between mat and non-mat respi-
ration measured here, although substantial, were much smaller than differences mea-
sured in previous lab incubation studies. Griffiths et al. (1990) sampled rhizomorphic
mat and non-mat soil cores monthly over two years, and consistently found respiration
rates three to 11 times higher in mat soils, although these large differences may have
resulted in part from disturbance and severing of fungal hyphae. In addition, we likely
detected a smaller difference between mat and non-mats soils because in situ efflux
measurements include CO, contributions from deeper soil horizons, which could mute
differences within the organic horizon. Although our vertical partitioning analysis in-
dicates that most CO, production occurs within the organic horizon, we showed that
the contributions of CO, from deep soil horizons and changes in vertical partitioning
over time, are important characteristics of soil CO, fluxes that are missed by laboratory
experiments.
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Seasonal variations in mat respiration increment corresponded with soil moisture,
but not with temperature. Heinemeyer et al. (2007) arrived at a similar conclusion in
their field study of EcM hyphal respiration, finding that the difference in respiration rate
between mesh exclosures containing EcM hyphae, and solid exclosures containing
no EcM hyphae, corresponded with soil moisture but not temperature. Our estimates
of vertical partitioning bring into question, however, whether the apparent moisture
sensitivity of EcM respiration is directly related to hyphal activity, or may also be due
in part to a shift in the production of CO, from shallow horizons where most roots and
EcM fungi are found (Erland and Taylor, 2002), to deeper soil horizons where EcM
fungi are less prevalent. In lab incubations, Griffiths et al. (1991) found no relationship
between soil moisture and mat respiration increment, which suggests that the seasonal
changes we observed in mat respiration increment may be related more to shifts in
vertical partitioning of soil flux.

Spatial variability in respiration rate did not correlate with %C, %N, litter depth, or soil
moisture, nor was there a systematic difference in these factors between mat and non-
mat soils. We also found root biomass was similar in mat and non-mat soils, consistent
with previous EcM mat studies (Griffiths et al., 1990). For these non-adjacent mat and
non-mat core analyzed at the outset of the study, however, we also found no significant
differences in surface CO, efflux rate. It appears necessary to compare soils in close
proximity to each other to detect respiration differences between soil types.

Across the paired, long-term measurement locations, we found higher chitinase ac-
tivities in mat soils than non-mats, and a significant correlation between respiration rate
and chitinase activity across both soil types. A possible interpretation of this correlation
is that fungal hyphae and rhizomorphs provide an important source of carbon and nitro-
gen in the form of chitinous cell walls, which stimulates enzyme production. Although
we did not examine activities of other enzymes, previous work has shown that chitinase
was the only enzyme to differ significantly between Piloderma mats and non-mat soils
(Kluber et al., 2010). Both EcM fungi and other microbial associates could contribute to
elevated NAGase activity; EcM fungi have been shown previously to produce NAGase
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to recycle chitin-N (Aerts, 2002), and other soil microbes may produce NAGase to
advantageously utilize chitin (Miller et al., 1998).

Zeglin et al. (2012) recently examined the ability of mat and non-mat soils to utilize
chitin, and found that additions of chitin to incubated soils, or its monomeric build-
ing block N-acetyl glucosamine (NAG), consistently induced increases in respiration,
N-mineralization, and biomass accumulation. Furthermore, the magnitude of chitin-
induced respiration was almost two times greater in mat than non-mat soils, suggest-
ing mat-associated microbial communities were better able to utilize chitin compounds
than non-mat communities. These findings support the notion that the abundance of
chitin in EcM mats is an important driver of carbon and nitrogen cycling.

The notion that EcM mat respiration may be related to chitin abundance suggests
that it may be inappropriate to group EcM respiration together with roots as “au-
totrophic” soil respiration. It suggests a component of EcM mat respiration is consump-
tion of fungal-derived rather than plant-derived carbon sources, and that mat respiration
is perhaps better delineated with heterotrophic soil respiration. In addition to intimate
connections with tree hosts, mat-forming EcM fungi are intimately associated with dis-
tinct bacterial and fungal communities (Kluber et al., 2010), and chitin-degradation ap-
pears to play an important role in the activity of these mat communities (Zeglin et al.,
2012).

Nevertheless, most experimental methods for estimating root respiration are unable
to achieve reasonable physical separation of roots and EcM fungal hyphae, thus their
respiratory contributions are generally measured together. We compared our esti-
mates of Piloderma mat contributions to estimates of rhizosphere respiration (root +
EcM fungi) from a site less than 1km from our study area and at similar elevation
(44°14'0" N, 122°13'0"” W, 531 m elevation), part of the Detritus Input and Removal
Treatments (DIRT) experiment (Sulzman et al., 2005). Between 2001-2003, Sulzman
et al. compared respiration rates from root-free trenched plots and untreated control
plots, and estimated that approximately 1/4 of total soil respiration came from rhizo-
sphere respiration. If we assume similar rhizosphere contributions in our study area,
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this suggests Piloderma mats, which we found contributed about 16 % of total soil respi-
ration, may have accounted for almost 40 % of rhizosphere respiration in this old-growth
Douglas-fir forest. A more conservative estimate that considers only the wet year of
their study, the most similar to our conditions in 2007, indicates that ECM mats may
have contributed 32 % of rhizosphere respiration

Previous studies have also indicated a large EcM fungal component of rhizosphere
respiration. Using a mass balance approach, Fahey et al. (2005) estimated 17 % of
rhizosphere respiration was from mycorrhizal fungi and rhizodeposition, although the
authors acknowledged this estimate had high uncertainty. Heinemeyer et al. (2007)
estimated that EcM hyphal respiration was about 70 % of rhizosphere respiration in an
early seral lodgepole pine forest. The variability among these estimates is not unlike
the variability seen in estimates of total rhizosphere respiration, which varies with forest
type as well as with estimation technique (Subke et al., 2006; Bond-Lamberty et al.,
2004). Despite the range in values, our results contribute to a growing consensus that
EcM respiration is a substantial component of rhizosphere respiration, and indicates
EcM contributions are significant both in early and late seral forests.

We recommend EcM mats as a useful system for examining in situ the effects of
EcM rhizomorphs on soil carbon cycling. Despite some limitations of EcM mat mea-
surements, including inherent spatial variation in mat size, density, and microbial com-
position (Kluber et al., 2011), and variable underlying soil conditions, the advantages of
comparing mat and non-mat soils were that soils were generally stable in rhizomorph
density across two growing seasons and were resilient to the presence of soil col-
lars and repeated probing. In the future, measurements with automated soil chambers
would be useful to elucidate high-frequency dynamics of mat activity, including potential
relationships with photosynthetic carbon supply. In addition to Piloderma mats, which
are frequently associated with Douglas-fir stands, an abundance of other mat-forming
genera are common in coniferous forests (Griffiths et al., 1992; Dunham et al., 2007)
and could allow similar investigations of EcM mat respiration in other forest types.
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Table 1. Percent of soil surface occupied by: coarse plant material (which prevented mat col-
onization), mats at the mineral-soil surface, Piloderma-like fungal mats in the organic horizon,
and non-mat soil.

Tree boles, EcM Mats Non mat
roots, and CWD
Mineral-soil surface  Piloderma-like

Total area 22.8% 1.9% 42.2% 33.2%
Exposed soll - 2.6% 56.6 % 40.9 %
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Table 2. Average characteristics for mat (n = 9) and non-mat (n = 5) soils cored 7 July 2007. No
significant differences were found between mat and non-mat soils, and none of the variables in

the organic horizon or 0—10 cm mineral soil correlated with surface CO, efflux.

Soil Characteristics Mat Non-mat t-test Correlation
with CO,
efflux
O-horizon
avg stddev avg stddev p' o°
surface CO,efflux (umolm™2s™") 514 (1.89) 579 (3.89) 0.74 -~
O-horizon depth (cm) 9.1 (4.9) 5.9 (4.7) 0.27 0.62
pH 480 (0.46) 548 (0.78) 0.13 0.19
moisture (w/w) 115 (0.34) 092 (0.33) 0.29 0.36
%C 39.90 (9.79) 37.39 (8.78) 0.63 0.77
%N 0.96 (0.24) 1.17  (0.47) 0.38 0.28
C:N 42.37 (9.87) 35.69 (14.71) 0.40 0.80
fine roots (Q) 1.71 (0.92) 1.03 (0.75) 0.17 0.42
total roots (g) 2.75 (1.95) 3.4 (5.66) 0.81 0.72
0—-10cm mineral soil
avg stddev avg std dev p1 ,02
pH 477 (043) 503 (0.89) 0.56 0.26
moisture (w/w) 053 (0.22) 053 (0.22) 0.96 0.57
%C 9.88 (7.60) 9.85 (9.24) 1.00 0.82
%N 0.23 (0.10) 0.24 (0.13) 0.83 0.79
C:N 39.43 (12.37) 33.54 (18.87) 0.55 0.74
fine roots (g) 116  (0.46) 1.02 (0.31) 0.51 0.27
total roots (g) 2.7 (2.34) 148 (047) 0.16 0.40

! Two-sided test for difference between mat and non-mat soils.
One-sided test for Pearson’s correlation coefficient greater than zero.
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Fig. 1. Photograph of a Piloderma mat (A) Piloderma mat colonizing the O-horizon, (B) close-
up of rhizomorphic growth habit. Size scales shown are approximate.
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Fig. 2. Schematic of instrumentation used for vertically partitioning soil CO, production.
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Fig. 6. Relationship between mat respiration increment and O-horizon soil moisture.
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Fig. 8. Effect of soil moisture on production from each genetic soil horizon. Water content
measured at the bottom of the O-horizon (top panel), and at the top of the other genetic soll

horizons.
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Fig. 9. Relationship between NAGase (chitinase) enzyme activity and soil surface flux.
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