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Abstract. Distinct aggregations of fungal hyphae and rhi- 1 Introduction

zomorphs, or “mats”, formed by some genera of ectomyc-

orrhizal (EcM) fungi are common features of soils in conif-

erous forests of the Pacific Northwest. We measured in sit20il respiration can have substantial influences on total for-
respiration rates d?ilodermamats and neighboring non-mat €St carbon balance (Trumbore, 2006), and teasing apart com-
soils in an old-growth Douglas-fir forest in western Oregon to Ponent sources of soil respiration is an important step to-
investigate whether there was higher respiration from matsWards describing and predicting these fluxes.,@@duc-

and to estimate mat contributions to total soil respiration.tion by roots and soil microbes have been shown to differ
We found that areas wheRilodermamats colonized the or- from each other in timing and sensitivity to environmental
ganic horizon often had higher soil surface flux than non-Vvariables (Carbone et al., 2008; Querejeta et al., 2003; Heine-
mats, with the relative increase in respiration averaging 16 ogneyer et al., 2007). The activity of EcM fungi, however,
across two growing seasons. Both soil physical factors andvhich are strictly speaking heterotrophic organisms but inti-
biochemistry were related to the higher surface flux of matmately dependent on plant carbon sources, does not fit neatly
soils. When soil moisture was high, soil @Production was into plant or microbial categories. Mycorrhizal respiration is
concentrated into near-surface soil horizons where mats tentrely quantified directly in the field, but is more often mea-
to colonize, resulting in greater apparent differences in respiSured as a component of the pooled respiration from roots
ration between mat and non-mat soils. Respiration rates wer@nd their microbial associates, and called “rhizosphere”, “au-
also correlated with the activity of chitin-degrading soil en- totrophic”, or even “root” respiration (Tang and Baldocchi,
zymes. This finding supports the notion that the abundance 0£005; Irvine et al., 2008; Carbone et al., 2008).

fungal biomass in EcM mats is an important driver of C and A Potential opportunity to assess ectomycorrhizal (EcM)
N cycling. We foundPilodermamats present across 57 % respiration is through examination of soils occupied by EcM
of the exposed soil, and use this value to estimate a respirghats. Mat-forming EcM fungi have a nearly global distri-
tory contribution from mats at the stand-scale of about 9 %Pution (Castellano, 1988), and are common in coniferous
of total soil respiration. The activity of EcM mats, which in- forests of the Northwestern United States, where they form
cludes both EcM fungi and microbial associates, appeared tiSible mats of rhizomorphs, or hyphal cords, in organic and

constitute a substantial portion of total soil respiration in this Mineral soil (Agerer, 2001, 2006; Trappe et al., 2012). EcM
old-growth Douglas-fir forest. mats in the Douglas-fir forests of Western 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 characteristics include
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elevated levels of dissolved nitrogen and carbon, higher ensecondary questions were: (2) How does the relative differ-
zymatic activity, unique microbial communities, and elevatedence between mat and non-mat respiration vary seasonally
respiration rates in lab incubations (Griffiths et al., 1994; with soil moisture and temperature? (3) Does the difference
Griffiths and Caldwell, 1992; Kluber et al., 2010). Because between mat and non-mat respiration relate to root biomass,
EcM mats can be abundant, their high metabolic activity soil physical properties, or soil enzyme activities? Finally, we
could contribute substantially to total forest soil respiration, sought to scale-up to the stand-level and inquire (4) what is
especially in late seral stands (Griffiths et al., 1996; Dunhamthe abundance of EcM mats across the stand, and what pro-
et al., 2007; Smith et al., 2000). In the present study, we emyportion of stand-level soil respiration does this equate to?
ployed a non-destructive approach to estimate mat respira-
tory contributions that compares soil surface Gfiflux as-
sociated with mats to neighboring non-mat soils.

In some of the few other studies to estimate EcM respi-
ratory contributions in situ, Heinemeyer et al. (2007, 2012a)

installed mesh and solid partitions to exclude either roots ofrha o 1 ha study site was located at the HJ Andrews Ex-

fungal mycelia from soil. In a study over a single growing herimental Forest, part of the Willamette National Forest,
season, they estimated as much as 25 % of total soil resPloregon, USA (4813'25 N, 12215'30' W, 484 m above sea

ration came from EcM hyphae in an early seral, lodgepolejgy ey EcM mats are common at HJ Andrews, and we chose
pine forest, and in a multi-year study in a deciduous oak sysynjs site in part because it contained sufficient not-mat ar-

tem they estimated mycorrhizal fungi contributed 18 % of t0- ¢ 55 15 provide contrasts with mat-colonized soils, and it has
tal soil respiration. While physical exclosures greatly reduce,sq heen examined in previous studies (Dunham et al., 2007:

the abundance of hyphae or roots, some trade-offs includg|,per et al., 2011: Griffiths et al., 1996). The forest was

the tendency to increase soil moisture, reduce labile soil car:_45 yr old, dominated by Douglas-fiP§uedotsuga men-

bon inputs,_ and the elimination of non-target genera such 3Sjesi) and western hemlocR6uga heterophyllaboth hosts
saprotrolphu? fungl.' L . for many EcM species, and western redcedéufa plicatg,
Invgshgatmg soil respiration .rates of nE}turaI areas With 4 host for arbuscular mycorrhizal fungi, which do not form
and without ECM mats may provide a technique that compley 415 Fallen logs in advanced stages of decay were common.
ments other partitioning methods without severing connec—ryg g4l has strong andic properties and is classified as coarse

tions to surrounding soil. Previous work indicates the pres-bamy mixed mesic Typic Hapludands (Dixon, 2003), with
ence or absence of mat-forming fungi has fewer confounding,, 5 _horizon depth of 4-9 cm. ' '

correlates than comparisons of bulk soil with hyphal exclo-  1hig region experiences a Mediterranean (xeric) climate,

sures. Rhizomorphic mats in the organic soil horizon have it cool, moist winters and warm, dry summers. At this ele-
shown similar soil water content and root abundance as nongation snow accumulation is generally minimal; however, the

mat soils (Griffiths et al., 1990; Kluber et e_ll., 2010). Recent,inter during which the study was performed experienced
molecular analyses of mat and non-mat soils also showed that, o4 snow levels, with snow persisting from late Decem-
non-mat soils are not devoid of fungi, but rather may be dom-,, 2007—April 2008.

inated by non-rhizomorphic fungi, including both EcM and
saprotrophic fungi, that are less visible to the naked eye (Klu2.2  |dentification of fungal mats
ber et al., 2011).

Although non-mat soils do not strictly exclude EcM fungi, For the purposes of this study, mats were defined as dense
comparisons of mat and non-mat soils nevertheless conprofusions of rhizomorphs that aggregate humus or soil,
tribute to a better understanding of respiratory contributionsare associated with obvious EcM root tips, and are uni-
from EcM fungi by indicating how one particularly abundant form in structure and appearance for a depth of at least
EcM genus in the Northwestern USRijlodermag alters soil 2cm and an area at least 12cm in diameter. This defini-
CO, fluxes. Working in an old-growth forest (300-500 yr) at tion is adapted from Dunham et al. (2007), who devel-
the HJ Andrews Experimental Forest in Oregon, USA, weoped a criteria with input from Griffiths and Cromack to
sought to quantify differences in soil surface £fux be- be consistent with earlier EcM mat studies (Cromack et al.,
tween mats in th€ilodermagenus and non-mat soilBilo- 1979; Griffiths et al., 1990). Dunham et al. (2007) char-
dermahas been shown to be the most common mat-formingacterized the distribution of mat-forming EcM species in
EcM genus at HJ Andrews (Dunham et al., 2007), and itsthe organic and mineral soil horizons across the H. J. An-
mats are easily recognized and delineated from non-mat soildrews Experimental Forest, and showed tRilioderma
by thick white or yellow rhizomorphs in the organic horizon. (Basidiomycota; Agaricomycotina; Agaricomycetes; Agari-

Measuring respiration rates across two growing seasons;omycetidae; Atheliales; Atheliaceae) was the most common
our primary research question was: (1) Is there an increase iand widespread genus colonizing organic sdfidoderma
soil surface CQ flux from Pilodermamats compared with mats appear as stringy white or yellow rhizomorphs that per-
non-mat soil? In the event an increase could be detected, ouneate the organic soil horizon (Fig. 1). We initially identified

2 Materials and methods

2.1 Site description
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Fig. 1. Photograph of ®ilodermamat(A) Pilodermamat colonizing the O-horizor{B) close-up of rhizomorphic growth habit. Size scales
shown are approximate.

mats asPilodermalike visually in the field, and later con- ment (Kluber et al., 2011). A small amount of soit10 g)
firmed their identity using molecular approaches (describedvas sampled in June 2008 adjacent to each respiration mea-
below). surement area, and the entire respiration measurement area
Mat and non-mat areas were identified by conducting an(~100 g) was resampled again at the completion of respira-
initial survey of the site in July 2006. We randomly choose tion measurements to assess wheBikrdermapersisted as
50 1x 1 m quadrats to quantify mat percent cover. We peeledhe dominant phylotype over time.
back the bryophyte layer to expose the organic horzion to
search forPilodermamats, and then gently lifted the or- 2.3 Soil respiration measurements
ganic layer to look for other mat genera that colonize the
mineral-organic soil interface. We determined our site hadSoil surface CQ efflux rates were measured with a portable
a very low occurrence of mats at the mineral soil interfacegas exchange system and soil efflux chamber (Li-Cor model
(Table 1), therefore we focused our subsequent work only6400 and 6400-19, respectively, LI-COR Biosciences, Lin-
onPilodermalike mats and non-mat areas. We estimated thecoln, NE, USA). To provide an interface between the soil
area occupied by each mat by multiplying the average widthand the respiration chamber, collars were constructed from
and length from 3 to 5 measurements in each major axis. W@paque PVC pipe (7.7 cm inner diameter, 0.5 cm wall thick-
also quantified the area occupied by large roots or downediess, 5cm height, 90.3 érsoil surface area) and were
logs that prevented colonization of the organic horizon, andpushed~1cm into the organic horizon. Any potential sev-
where soil surface flux could not be characterized. We re-ering of roots or hyphae appeared to be minimal because the
port two values for mat cover: the percentage of exposed soithick soil humus tended to compress under the collar rims.
available to be colonized by mats, and the percentage of th&oil collars were installed 48 h prior to initial measurements
entire surveyed area. and left in place for the duration of the study. Bryophytes and
We identified 21 areas that were suitable for paired res-small green plants growing inside the collars were removed,
piration measurements, containing dense mats adjacent @nd a plug of unrooted bryophytes was replaced in the col-
distinctly non-rhizomorphic soil{<1 m apart). To minimize lar between measurement dates to mimic surrounding ground
potential rhizomorph colonization in non-mat areas over thecover.
course of the experiment, or recession of rhizomorphs in mat To check that mat soils remained rhizomorphic and non-
areas, we also required that both mats and non-mats had t®at soils did not become rhizomorphic over the course of the
be at least 15 cm in diameter. Twelve of these candidate pairstudy, we probed the O-horizon adjacent to soil collars ap-
were randomly selected for long-term respiration measureproximately every 2 months to detect changes in rhizomorph
ments. density.
To confirm that the mats used in this study were indeed
formed byPiloderma we used terminal restriction fragment 2.4 Seasonal variation in ECM mat contributions
lengthpolymorphism (T-RFLP) analysis as described by Klu-
ber et al. (2011). This method has been shown to be robuspoil temperature and moisture were measured concurrently
and reliable because theRFLP profiles ofPilodermamats ~ With respiration measurements and analyzed as potential sea-

are distinct and dominated by a characteristic Piloderma fragsonal drivers of mat respiration. Temperature at 10 cm depth
was measured by inserting a steel probe surrounding a Type
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Table 1. Percent of soil surface occupied by: coarse plant material (which prevented mat colonization), mats at the mineral-soil surface,
Pilodermalike fungal mats in the organic horizon, and non-mat soil.

Tree boles, roots, and CWD EcM Mats Non-mat

Mineral-soil surface  Piloderma-like

Total area 22.8% 1.9% 42.2% 332%
Exposed soll - 2.6% 56.6 % 40.9%

E thermocouple (Omega Engineering, Stamford, CT, USA) ...iation

CS-615

adjacent to the respiration collars. We measured gravimetric  collar moisture  Thermocouples

water content in the O-horizon, and at 5 and 15 cm below the | Py i £
mineral soil surface, by collecting soil cores from five small [ a= RE ; M U—
coring fields established across the study area and associatin = ———— c
each soil collar with moisture values from the nearest coring : ) ? .‘ _
field. s

To better understand how moisture variability may effect

soil surface flux rates, we also established instrumented soil Su. < = ¢ ¥ B
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 i :

shown the contributions of the O-horizon can vary seasonally e -
with soil moisture (Davidson et al., 2006), which implies that \ ?)ﬁ;'c':";;ez'i T
surface flux measurements may not be equally sensitive tc pits

differences between mat and non-mat activity throughout the 100an

year. We anticipated that as soils dried down, surface fluxes

would originate from deeper, wetter soils, and that relativeFig. 2. Schematic of instrumentation used for vertically partitioning
contributions from the O-horizon would decrease. To testSoil CO; production.

this, we vertically partitioned C@production at our site fol-

lowing the approach of Davidson et al. (2006), in which,CO

fluxes derived from each soil horizon are modeled accordingyithin 48 h in the laboratory using a LiCor-6252 infrared gas

to Ficks first law of diffusion: analyzer (LI-COR Biosciences, Lincoln, NE, USA) config-
dc ured for injection of small volumes (Davidson and Trum-
F= DSd—Z» Yy bore, 1995). A calibration curve was created by injecting

standard gases to translate peak height tg @centration.

whereF is CO; efflux (mmolnT2s™), Dg is the effective  The combined standard uncertainties of the measurements,
CO diffusivity in soil (m?s™1), C is CO; mole concentra-  which include sampling and instrument uncertainties (NIST
tion, andz is depth. We calculated fluxes approximately ev- guidelines, Taylor and Kuyatt, 1994), were determined based
ery 2 months during the growing season, based op @@-  on replicate analyses to be 3.8 % of £&ncentration.
centrations collected from 30 ml gas wells that we drilled into  We quantified production in each horizon as the difference
the interfaces between genetic soil horizons from a hand-dugetween fluxes leaving the top and entering the bottom of
trench. Two sets of wells were installed at opposite ends okach horizon. For the O-horizon, production was estimated
each area to better capture spatial variability. Measurementss the difference between average surface efflux from the
from both profiles were combined in a scatter plot and fit two collars in each area, and the incoming flux from the A-
with a third-order polynomial to estimat&ddz at each hori-  horizon. Production from the C-horizon and below was es-
zon interface. We estimatelds as described by Moldrup et timated as the flux of C@®from the top of the C-horizon.
al. (1999), using soil temperature and volumetric water con-Monte Carlo simulations were performed to propagate uncer-
tent measurements from probes buried at each depth (tempetainties for component measurements and to calculate over-
ature with Type-T thermocouple, Omega Corp, and moistureall uncertainties for production from each horizon. The un-
with CS-615 TDR probe, Campbell Scientific, Logan, Utah, certainties of measured data were determined when possible
USA). - from the standard deviation of repeated measures. For non-

CO, samples were collected into 12 ml Exetainewials replicated measures (% OM and soil texture), uncertainty
(Labco, UK), which were pre-flushed withphind evacuated was assumed to be 5%, and for bulk density we used a con-
in the field with a hand pump. COsamples were analyzed servative uncertainty estimate of 10 %.
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2.5 Spatial drivers of mat and non-mat respiration

We conducted a number of analyses to assess potential fad: = aePrT+hM 2)

tors influencing spatial variation in soil surface flux. In ad- _ _ ) ) )

dition to the twelve long-term measurement locations de-WhereF is surface flux[ is soil temperature, and/ is soil

scribed above, at the outset of the study we randomly chos@hoisture. To estimate parameters for this model with linear

an additional SPilodermamat and 5 non-mat soils for one egression techniques, we took the natural logarithm of each

time destructive sampling. After measuring surface,@®  Side

flux at each location, we removed cores 8cm in diameter,

to measure root biomass, % C and % N, soil pH, moisture,InF =Ino+prT + poM )

and litter depth. Son cores were separated into 4 depth inyng calculated the difference between neighboring g}

crements: the entlrg O—honzpn, 0-10 cm, 10-20cm, aqd 20=nd non-mat soilsKnm) as follows:

35 cm below the mineral soil surface. Fine roe2(mm di-

ameter) and total root biomass were determined by wet siev: < Fm ) —InR
- ms

(4)

ing soils, picking roots by hand, and measuring dry weightIn Fin = In Fom = n
of both live and dead roots. Roots were also combusted and ) )
weights were corrected for non-combustible material (ad-WheréRm is the ratio of mat and non-mat fluxes.
hered soil). We measured total soil C and N by drying 1g of ~1he impacts of temperature and moisture/gn were as-
organic soil and 5 g of mineral soil at 88 for 48 h, grinding sessed by estimating coefficients for the following model:
soils to fine powder on a roller mill, and analyzing 3—-10m
subsamplespon a Costech ECS-4010 eIem(g/ntalgcombusﬁlolh1 Rm=Ina + p1Tave+ faMave )
analyzer (Costech Analytical, Valencia, CA, USA) against yhereT,,.is the average temperature for each mat and non-
an atropine standard. _ mat pair, andVaye is the O-horizon gravimetric water con-
At the completion of the study in November 2008, we also tent, e solved for coefficients in Eq. (5) using a statistical
destructively harvested the long-term respiration measurefear mixed effects model, with temperature and moisture
ment locations and analyzed the activity of chitin-degradingys fixed effects, pair location as a random effect, and a lin-
enzyme, N-acetyl-b-D-glucosaminidase (chitinase or NA-gar correlation matrix for the variance-covariance structure
Gase), as described by Kluber et al. (2010). We chose to fotg 5ccount for repeated measures.
cus on this enzyme because a survey of ECM mat enzyme pqr ease of interpretation we report the relative difference

activity across the HJ Andrews Experimental Forest showegyenyeen mat and non-mat soils as a percent difference, where
that chitinase was the only enzyme to differ significantly

betweenPilodermamats and non-mat soils (Kluber et al.,

2010). Chitinase has also been shown by others to corremat relative difference- (Rm — 1) x 100 (6)
late strongly with independent measures of fungal biomass

(Miller et al., 1998). Here we examined whether chitinase We also examined whether any of the soil properties from

nm

activity correlated with soil surface GGlux rate. destructively-harvest cores correlated with respiration rates
by analyzing individual linear regressions for each soil prop-
2.6 Data analysis erty. All analyses were performed with S-PLUS v.8.

We tested whether the difference between neighboring mat
and non-mat pairs was different from zero in each year of the3 Results
study using a linear mixed effects model, with pair location
as a random effect, and a linear correlation matrix to accom
madate unequal sampling intervals over time (Pinheiro ar.]%lsual checks of rhizomorph abundance indicated most mat
Bates, 2000). Results from 2006 and 2007 were analyzed in- . .

and non-mat soils remained stable over the course of the

dependently due to large differences in moisture conditions . . . .
. 7= . . study; however, in the second growing season, we omitted
and in respiration magnitude and variance.

. . _— dthree pairs in which the mat soil became too weakly rhi-
To examine correlations between mat respiration an

. . omorphic to be considered mats, and two pairs in which
moisture and temperature, we started with a commonly-useﬁq

. . . . e non-mat soils became colonized. Thus, only seven of the
model to describe respiration as an exponential function of_ = . . . .
i . original 12 pairs were analyzed in summer 2008. We only in-
temperature and moisture (Martin and Bolstad, 2005) Sulz- . N
. cluded date ranges for each pair where we had positive visual
man et al. (2005): . ) . T
confirmation of the soil conditions.
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 froRilodermamats

3.1 Differences between mat and non-mat respiration

www.biogeosciences.net/9/2099/2012/ Biogeosciences, 9, 20093-2012



2104 C. L. Phillips et al.: Contributions of ectomycorrhizal fungal mats to forest soil respiration

o9 A
» P~ L —
« | A 2 oL i) B0
£ s 20 I £
s | 5 "\ 60 =
£ 6 T © W Vk =
2 3 \ 1 L 5
< 4 yh Dt o 210} 40 £
o - £ I 2
£ £ P g | | 5
L -+ = | L s
3 ° 2 - il 3 MY (N e |
ﬁ 0:“ 4 ‘I ‘ : 1! ‘i“ “\‘A‘ ‘w]‘\ . | il QL,“! Lo
S 0 1Jun2007 1Sept2007 1Dec2007 1Mar2008 1Jun2008 1Sept2008 1Dec 2008
: ; ; ; ; : ;
1Jun2007 1Sept2007 1Dec2007 1Mar2008 1Jun2008 1Sept2008 1Dec 2008
400
2 160
° 1
BO‘B 2 300f I * o
173
8 < 40f 23 T :////”“X 7 ez
£x 401 E £ 200 A 3 F o2
c r 0 = % 1S
S @ ool 8= i AN / s
S0 %Q/P‘H’\{/ T/{\T 5T MY lr\/‘f B
c o T
<C
S€ oI i S o
=° 20 . . . . . . .
1Jun2007 1Sept2007 1Dec2007 1Mar2008 1Jun2008 1Sept2008 1Dec 2008

T T T T T T L
1Dec 2008 . . . . . . .
i 2007 5eet 2007 10e0200 IMar2N6 (1 An208 T5ept2000 o Fig. 4. Time series of precipitation, soil moisture, and soil temper-

Fig. 3. Ti . f soil irati d calculated mat i ature.(A) Soil temperature at 10 cm depth (black line) and precip-
blgt: ' |'rA\neAser|es ot sol risplrfa lon anb ca C(l; ate m? C(.)In ™ itation (grey lines) from the H. J. Andrews headquarters weather
utions. (A) Average respiration from maw( and non-mat soils station (430 m above sea levelR) Soil moisture sampled at study

(A). (B) Percent difference between mat and neighboring non-mat_. : ; : :
. : site. O-horizon gravimetric water content), and volumetric wa-
surface efflux. Error bars are standard ermgr=€ 12 in 2007, 7 in g X

2008 ter content at 5cms) and 15 cm M) below mineral soil surface
)- (gravimetric water content bulk density). Error bars are standard
deviation,N =5.

averaged 17 % higher than non-mat soil during the first grow-
ing season (95 % Gk 10-25 %), and 16 % higher in the sec-
ond growing season (95 % €17-27 %). However, the dif- files in mat and non-mat areas of the study site, the estimated
ference between mat and non-mat respiration was especiallgontributions from the O horizon averaged 73 % of total sur-
variable in the second year of the study. In early June 2008face flux (95 % CkE 61-85 %), but ranged from as much as
there was a notable high, but brief, spike in the difference be93 % in May when snow had just melted and the ground was
tween mat and non-mat respiration, with mat surface flux av-essentially saturated, to 37 % in August when the soil was ex-
eraging almost 40 % higher than non-mat surface flux. Whertremely dry (4-6 % water content at the O/A interface).,CO
we sampled again only two weeks later, mat respiration wasontributions from the A horizon were small and often indis-
not statistically different from non-mat respiration and the tinguishable from zero when calculated with this approach.
difference remained low throughout the summer. The differ-We even calculated a GQink in the A-horizon in early Oc-
ence between mat and non-mat respiration increased quit®ber of both years when the O horizon had regained more
high again following fall rewetting in November 2008, but moisture than the underlying mineral soil, potentially pre-
with greater spatial variability than previous sampling dates.venting diffusive losses from the A horizon. The errors as-
sociated with these negative production values were large,
3.2 Seasonal variation however, due to variable CQOconcentrations and inherent
uncertainties in estimating soil G@iffusivity.
While raw surface C@efflux rates from both mat and non- Overall, the vertical partitioning results indicate that when
mat soils correlated strongly with soil temperature, multiple soils were moist, the majority of surface efflux originated
regression indicated temperature was not a significant prefrom shallow depths wherBilodermacolonizes, with only
dictor of the difference between mat and non-mat respiratiorminor contributions from sub-mat deeper soil. The two sam-
(P =0.5). O-horizon soil moisture, however, was a signif- pling days that occurred during dry conditions in the late
icant predictor £<0.001), and for every 10 % increase in summer, however, showed sources of3Bifting to deeper
moisture, the relative difference between mat and non-masoil horizons (see August 2007 and July 2008 in Fig. 7). Cor-
respiration increased by 8% (95% €B.6-13.9%). Al- relations between CfOproduction and soil moisture mea-
though temperature and moisture effects were analyzed in aured in each horizon (Fig. 8) showed no relationship for
single model, the individual effects of temperature and mois-surficial O and A horizons, but indicated that the B and C
ture, respectively, are shown in Figs. 5 and 6. horizons tended tincreaseCO, production as they dried.
Vertical partitioning of soil CQ production also suggested This suggests that high moisture in the spring and fall may
soil moisture impacted the relative contributions of surficial increase C@storage or suppress aerobic respiration in deep
and deep soil horizons (Fig. 7). From analyses of, @&- soil layers. As deep soil layers dry through the summer and

Biogeosciences, 9, 209941Q 2012 www.biogeosciences.net/9/2099/2012/
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™ ®Chamber AOQ-horizon ®A-horizon ¢ Bw-horizon "/ C-horizon
Mat, slope=0.13, P <0.001

Non mat, slope=0.13, P < 0.001
—e— Difference, slope=0, P =0.5

Mat Area

In Surface CO, efflux (umol m? s™")
CO, production (umol m?s™")

0
i

5 10 15 Al
Soil temperature 10 cm (°C)

Fig. 5. Relationship between soil temperature and soil surface ef-rig. 7. Vertical partitioning of soil respiration over time. Measured
flux. Surface efflux rates for mat and non-mat soils, are shown In-gyrface CQ flux and calculated C®production in the O, A, Bw1
transformed, corresponding to the model in Eq. (3). The differencet Bw2, and C horizons. Duplicate GQprofiles and surface flux
between these values, also equivalent t&if( Fym) corresponds  rates were combined for each area. Error bars represent the propa-
to the model in Eq. (5). Regression slopes &adalues shown here  gated uncertainty from Monte Carlo simulations (see methods for
are for the temperature coefficients extracted from mixed effectsdetails).

analyses.

and soil moisture, fine root biomass, total root biomass, % C,
% N, C:N ratio, or litter depth (Table 2). Furthermore, none
i of the soil characteristics, including respiration, differed sig-
nificantly between mat and non-mat soils for this set of non-
paired soil locations. These results have important implica-
tions for the validity of our approach to estimate mat respi-
ratory contributions. Based on these soil samples, we have
no evidence that soil physical properties, C or N abundance,
or root abundance vary systematically between mat and non-
mat areas, or that they could have biased respiration rates.
We also found a significant correlation between respira-
tion rate and NAGase activity, measured from paired mat
and non-mat cores collected at the end of the study (Fig. 9).
50 100 150 200 250 300 350 Chitinase activity explained 66 % of the variance in soil sur-
O - horizon moisture (w/w) face respiration. Chitinase activity of mats was about 40 %
higher than neighboring non-mat soils, though the difference

Fig. 6. Relationship between the ratio of mat to non-mat surface,y 55 ot significant at the = 0.05 level (1.23 vs. 0.77 mmol

efflux, and O-horizon soil moisture. The slope ahdalue are for ¢ qirate hl, one-tailedP = 0.055 for paired t-test).
the moisture coefficient estimated for the model in Eq. (5), shown

here on a non-logarithmic scale.

Slope = 1.8, P <0.001 .

1.5 20 25 3.0 35 40

Mat / non-mat respiration

1.0

0.5

3.4 Upscaling of ECM mat cover and respiration

contribute relatively more C§ the dilution of surficial soil ~ Surveys of the 0.1ha study area revealed almost half of the
fluxes may make it more difficult to detect difference be- forest floor contained EcM mats (Table Flilodermalike
tween mat and non-mat areas. mats occupied approximately 42 % of the total areal extent of

forest floor, and mats at the mineral-soil surface that resem-
3.3 Spatial variation bledRamaria(hydrophobic, ash-like, grey) occupied another

1.9%. Trees, coarse roots, and coarse woody debris also cov-
From cores sampled at the outset of the study, we found nered about 23 % of the soil surface. Excluding these areas
significant individual correlations between respiration ratethat prevented mat colonization in the O horizon, almost
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4 Discussion

[ ® Mat O horizon
Non mat

. 4.1 Seasonal patterns of mat and non-mat respiration

0 2 4 6

. We found generally higher surface @éfflux from mat soils
60 compared to neighboring non-mat soils, with an average rela-
tive difference of about 16 % across the 2007 and 2008 grow-
A horizon ing seasons. The in situ differences between mat and non-mat
respiration measured here, although substantial, were much
o Ve smaller than differences measured in previous lab incubation
studies. Griffiths et al. (1990) sampled rhizomorphic mat and
20 30 20 50 60 non-mat soil cores monthly over two years and consistently
Water content at O - A (% viv) 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 addi-
7y tion, we likely detected a smaller difference between mat and
R%2-0.39 . . non-mats soils because in situ efflux measurements include
| Slope=-0.03, P =0.04 , , , CO, contributions from deeper horizons devoid of Piloderma
0 10 60 mats, which could mute differences within the organic hori-
zon.
C horizon Seasonal variations in the difference between mat and non-
. mat respiration corresponded with soil moisture, but not with
temperature. Heinemeyer et al. (2007, 2012a) arrived at a
similar conclusion in both of their field studies of EcM hy-
20 30 20 50 60 phal respiration, finding that the difference in respiration rate
Water content at B - C (% v/v) between mesh exclosures containing EcM hyphae and solid
exclosures containing no EcM hyphae corresponded with
Fig. 8. Effect of soil moisture on production from each genetic soil gqi| moisture but not temperature. In lab incubations of soil
horizon (same production data as shown in Fig. 7). Water content, eq collected through time, however, Griffiths et al. (1991)
was measured at the bottom of the O-horizon (top panel), and atthg, 1\, relationship between soil moisture and relative dif-
top of the other genetic soil horizons. . -
ferences between mat and non-mat respiration. This discrep-
ancy, which indicates the importance of field studies, sug-

57 % of the accessible soil surface was occupiedPby- gests different drivers may be apparent under laboratory and

dermalike mats, and 2.6 % was occupied by mats at the min-fiéld conditions.
eral soil surface. ) o
Since it was not possible to obtain direct measurement#-2 Vertical partitioning of CO » sources
of soil respiration from areas occupied by trees, large roots, ) ) o o )
or coarse woody debris, and we cannot assume these areSuIr e_stlmat(_as of vertical partitioning highlight the po_tentlal
have soil respiration rates similar to non-mat soil, we es-for soil physical processes to alter the depth from which sur-
timated respiratory contributions fromilodermamats for ~ face CQ efflux originates. Although most CCproduction
the accessible soil surface that we were able to characterizdV@s estimated to occur within the organic horizon, the con-
We multiplied the percent cover @filodermamats across tributions of_CQ frqm deep soil horizons changed over time
the accessible soil surface (56.6 %) by the average relativ@nd proportionally increased on dry sampling days. Because
difference between mat and non-mat areas (17 % in 200 ilodermamats only occur in the O.hO_I’IZOI’], we s_uspect that
and 16 % in 2008). Thus, excluding areas with trees, largenat and non-matareas had more S|m|Ia_r respiration rates dur-
roots, or woody debris, we estimated ttRitodermamats N9 dry periods in part b'ecause the rel_atlvegcc@ntrlbutlons
contributed 9.6 % of soil respiration in the first, wetter, year from deeper horizons increased. This explanation does not
(95% Cl=10-14%) and 9.1% in the second, drier, year exclude, hoyvever, othe_r_b_|olog|cal factors that _cou_ld also af-
(95 % Cl=4-15%). fect the moisture sensitivity of ECM mat contributions. For
instance, tree hosts experiencing decreased leaf conductance
and carbohydrate supply may reduce carbon translocation to
EcM associates under dry conditions.
Itis important to acknowledge large uncertainties inherent
in these partitioning calculations. We have used Monte Carlo
simulations to propagate sources of error through component

0 10 20 30 40 50
Water content at O - A (% v/v)

1.5

0.0

-2.0

0 10

2.5

B horizon

1.0

CO, production (umol m?s™)
0.5

20 30 40 50
Water content at A-B (% v/v)

| R?-0.35
| Slope =-0.03, P =0.03
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0.0
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Table 2. Average characteristics for mat £ 9) and non-mat{ = 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 syriiexCO

Soil Characteristics Mat Non-mat r—test Correlation with
CO, efflux
O-horizon
avg stddev  avg stddev  pl p?
surface CQ efflux (umoln2s 1) 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) 5.48 (0.78) 0.13 0.19
moisture (w/w) 1.15 (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 (0.29) 117  (0.47) 0.38 0.28
C:N 42.37 (9.87) 35.69 (14.71) 0.40 0.80
fine roots (g) 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—10 cm mineral soil

pH 477 (0.43) 5.03 (0.89) 0.56 0.26
moisture(w/w) 0.53 (0.22) 0.53 (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) 1.16 (0.46) 1.02 (0.31) 0.51 0.27
total roots (g) 271  (2.34) 1.48 (0.47) 0.16 0.40

1 Two-sided test for difference between mat and non-mat soils.
2 One-sided test for Pearson’s correlation coefficient greater than zero.

calculations, but the assumption of steady-state diffusion andqLindahl et al., 2007). In general, it would help to improve
the fact that we used a combination of modeling and directconceptual models of soil respiration if more researchers as-
measurements to estimate production from the O horizon insessed the interactions between drying fronts and respiratory
troduce uncertainties that are difficult to quantify. Consider- contributions from different biota.

ing these limitations, the vertical partitioning estimates are

most useful in a qualitative sense, as an indicator of how4.3 Spatial patterns in mat and non-mat respiration
subsurface C@ production may change relatively through

time with movement of wetting and drying fronts. For in- ap important assumption of our approach for quantifying
stance, it seems likely that this approach systematically unrespiration fronPilodermamats is that mat and non-mat ar-
derestimated production from the A horizon, but may haveeas do not have systematic differences in soil properties that
captured the temporal dynamics of A horizon contributions, coyld confound comparisons of respiration rate. Our spatial
including a relative decrease during fall rewetting and a re|a'sampling campaign was performed to test this assumption.
tive increase during late summer drought. In the future, newpcross the site, we found no significant differences % C,
techniques that use membranes to impose a known diffusive, N Jitter depth, or soil moisture between mat and non-mat
regime may provide a better means for measuring subsurfacgreas from cores taken to 35cm depth, nor did surface CO
CO; fluxes (Risk et al., 2011; Heinemeyer et al., 2012b).  efflux rate correlate with any of the variables. We also found
In this study, dry soil conditions were associated with (oot hjomass was similar in mat and non-mat soils, consis-
lower respiratory contributions from EcM mats; however, the tent with previous EcM mat studies (Griffiths et al., 1990).
impacts of drying fronts may differ in other systems. While por these non-adjacent mat and non-mat core analyzed at the
Pilodermarepresents an EcM species with preference for or-gytset of the study, however, we also found no significant
ganic soil, respiration sources may differ in other systems gitferences in surface GQefflux rate. It appears necessary

depending on rooting and microbial profiles. The absolutetg compare soils in close proximity to each other to detect
abundance of EcM fungi is often greatest in surificial soil respiration differences between soil types.

horizons (Erland and Taylor, 2002), but treative activity Across the paired, long-term measurement locations, we
of EcM fungi compared to other microbes can be propor-found a trend p = 0.55) towards higher chitinase activi-
tionally lower in surficial horizons and increase with depth ties in mat soils than non-mats, and a significant correlation
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between respiration rate and chitinase activity across both
soil types. Because chitinase activity can correlate with fun- I~ Mat
gal abundance (Miller et al., 1998), the correlation between
chitinase and respiration may indirectly indicate a linkage
between respiration and fungal abundance. Although we did
not examine activities of other enzymes, previous work in
this system showed that chitinase activity differed strongly
betweenPilodermamats and non-mat soils, whereas other
enzyme activities (including phenoloxidaggglucosidase,
phosphatase, and protease) did not differ between soil type:
(Kluber et al., 2010).

Chitinase activity in mat soils may be related not only to
fungal activity, but also to activity of associated bacteria.
Mat-forming EcM fungi not only share close metabolic as- ?;- e | | | |
sociations with tree hosts, but also harbor distinct bacterial 45 5.0 5.5 60,6 , 65
and fungal communities that could influence enzyme activi- In NAGase activity (umol g™ hr™)
ties (Kluber et al., 2010) as well as respiration rates. There is_. . . . -
also evidence to suggest fungal tissue itself may be a quanti'9; - Relationship between NAGase (chitinase) enzyme activity

. . - . and soil surface fluxk< = 0.66. Data were analyzed with linear re-
tatively important source of C and N, in the form of chitin and

. . . . gression on a In-In basis to constrain increasing variance at higher
its monomeric building block N-acetyl glucosamine (NAG, respiration and enzyme activity levels. Black and grey colors repre-

Zeglin et al., 2012). EcM fungi have been shown previously sent mat and non-mat members of each pair, and plotted numbers
to produce NAGase to recycle chitin-N (Aerts, 2002), and indicate unique pairs.

other soil microbes may produce NAGase to advantageously
utilize chitin (Miller et al., 1998).

Although we did not identify significant differences in and EcM fungal hyphae, thus their respiratory contributions
other soil properties between mat and non-mat locationsare generally measured together. We compared our estimates
Pilodermamats undoubtedly are distributed non-randomly of Pilodermamat contributions to estimates of rhizosphere
with preference for certain environments. For instance, Grif-respiration (root+ EcM fungi) from an old-growth site less
fiths et al. (1996) found rhizomorphic ECM mats occurred than 1 km from our study area and at similar elevatior? (44
more commonly near the base of potential tree hosts as well4’0' N, 122130” W, 531 m elevation), part of the Detri-
as clustered near other mats. Smith et al. (2000) fdRifod tus Input and Removal Treatments (DIRT) experiment (Sulz-
dermamats were more common in old-growth than rotation- man et al., 2005). Between 2001-2003, Sulzman et al. (2005)
age Douglas-fir stands, and were also associated with coarsmmpared respiration rates from root-free trenched plots and
woody debris in advanced stages of decay. Another influ-untreated control plots, and estimated that approximately 1/4
ence of mat abundance is tree species composiBdo- of total soil respiration came from rhizosphere respiration.
dermaspecies associate with a broad range of conifer andf we assume similar rhizosphere contributions in the ex-
angiosperm tree species, but they do not form symbioseposed forest floor of our study area and divide our estimate
with Western Red Cedal fiuja plicatg, a prominent species of Pilodermamat contributions (16 %) by total rhizosphere
in old-growth coniferous forests of the Northwestern USA. contributions (25 %), we estimaRilodermamats may have
The micro-niches in which EcM mats are found could im- accounted for about 40 % of rhizosphere respiration in this
pact our comparisons of mat and non-mat soils; however, theld-growth Douglas-fir forest. It is important to note that ac-
fact that we compared neighboring mat and non-mat soils incounting for respiration in areas of forest floor covered by
close proximity mitigated spatial heterogeneity to some ex-downed wood and massive roots, which we did not charac-
tent (for example, see how neighboring soil types cluster to-terize but would expect to have lower proportional mat con-
gether in Fig. 9). The spatial distribution Bflodermamats  tributions, would lower this estimate of Piloderma contribu-
could also provide clues to their foraging strategy. The as-tions to rhizospheric respiration. On the other hand, this 40 %
sociation betweeilodermamats and rotting wood could value likely underestimates total EcM fungal contributions
indicated some saprotrophic behavior in addition to utiliz- due to the fact that non-mat forming EcM fungi were present
ing carbon translocated from tree hosts (i.e. representing botm non-mat soils.

s

In CO; efflux (umol m

heterotrophic and rhizospheric soil respiration). Previous studies have also indicated a large EcM fungal
component of rhizosphere respiration. Using a mass balance
4.4 Upscaling estimates oPilodermamat respiration approach, Fahey et al. (2005) estimated 17 % of rhizosphere

respiration was from mycorrhizal fungi and rhizodeposition,
Most experimental methods for estimating root respirationalthough the authors acknowledged this estimate had high
are unable to achieve reasonable physical separation of rootscertainty. Heinemeyer et al. (2007) estimated that EcM
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hyphal respiration was about 70 % of rhizosphere respiratiorForest Service Pacific Northwest Research Station, and Oregon
in an early seral lodgepole pine forest, at the peak occurrenc8tate University. Additional funding was provided by the Northwest
of fruiting bodies. In a multi-year study in an oak system, Scientific Association. This manuscript was completed under the
they estimated smaller contributions, but with brief periodsauspices of the US Department of Energy, identifiedLLNL-JRNL-
of high contributions when plant host activity was also high 523171.

(Heinemeyer et al., 2012a). The variability among these es-_ . )
. . . — . - Edited by: Z. Jia

timates is not unlike the variability seen in estimates of to-

tal rhizosphere respiration, which varies with forest type as
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