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Summary. Specialized ectomycorrhizal fungi form dense
mats in forest soils that have different enzyme levels,
higher respiration rates, more biomass, different soil fau-
na, and different soil chemistry compared with adjacent
soils not obviously colonized by these mats. In this study,
mats formed by two genera of fungi collected in three lo-
cations were compared with a wide range of measure-
ments. Per cent moisture, pH, chloroform fumiga-
tion-flush C, anaerobic N mineralization, exchangeable
ammonium, and respiration, N, fixation, and denitrifi-
cation rates were compared between soils or litter colo-
nized by ectomycorrhizal mat-forming fungi and adja-
cent non-mat material. Significant differences were ob-
served between the two genera of mat-forming fungi and
also between mats formed primarily in mineral soil and
those formed in litter. These differences suggest that dif-
ferent mat-forming fungi perform different functions in
forest soils and that these fungi function differently in
mineral soil compared with litter.

Key words: Ectomycorrhizae — Microbial activity — Ni-
trogen cycle — Mat communities

It has been generally accepted that the primary role of
mycorrhizal fungi is to transport inorganic P and N and
possibly moisture from the soil to the plant roots. Recent
studies have shown that this may be a simplistic view of
how mycorrhizal fungi function. For example, Read and
coworkers (Stribley and Read 1980; Bajwa and Read
1985; Abuzinadah et al. 1986) have shown that mycor-
rhizal fungi can use organic sources of N.

We have been studying ectomycorrhizal mat communi-
ties in Douglas-fir ecosystems of the Pacific Northwest.
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The mat communities are perennial features in these for-
ests and are easily detected by the presence of high concen-
trations of rhizomorph material in the mineral soil (Grif-
fiths et al. 1991). These mycorrhizal mat communities pro-
vide an excellent opportunity to study, in the field, their
function as tree symbionts. Initial studies have suggested
that the mat communities are capable of degrading com-
plex organic materials (Griffiths et al. 1990). In this way,
organic N and P from both litter and soil organic matter
may become available to mycorrhizal fungi (Caldwell
1990, unpublished data). Ratios of chloroform fumiga-
tion-flush C to anaerobic N mineralization (Cgyp: Npin)
are consistently higher in mat soils compared to non-mat
soils, suggesting either that differences occur in the C: N
ratios of the microfauna or that labile N is reduced in the
mats (Griffiths et al. 1990). Comparisons of denitrifica-
tion and acetylene reduction rates suggest that compared
to non-mat soil, the ectomycorrhizal mat communities
may act to accumulate fixed N, (Griffiths et al. 1990).

During comparisons of mat soils and soils not obvi-
ously colonized by mat-forming mycorrhizal fungi, a
number of additional differences have been observed.
Respiration rates and levels of microbial biomass as mea-
sured by chloroform fumigation-flush C were significant-
ly higher in mat soils (Griffiths et al. 1990). In addition,
differences in extractable cation chemistry (Rose et al.
1990), greater concentrations of oxalate (Cromack et al.
1979; Sollins et al. 1981), and oxalate-degrading bacteria
(Knutson et al. 1980) and qualitative differences in proto-
zoa and microarthropod populations (Cromack et al.
1988) have also been reported.

These observations were all made on the ectomycor-
rhizal fungus Hysterangium setchellii growing at one lo-
cation in the Oregon Coast Ranges. The objective of the
present study was to expand these observations to other
species of the genus Hysterangium and to the ectomycor-
rhizal fungus Gautieria monticola. In addition, we want-
ed to compare mat-forming mycorrhizal fungi that colo-
nize litter with those colonizing mineral soil, and to study
in greater detail the composition of the microflora pre-
sent.



Methods and materials

Site description and sample preparation

Three sites were sampled. Site one was in the Oregon Coast Ranges
(Woods Creek on Mary’s Peak) at approximately 460 m elevation,
which is dominated by a 75 to 80-year-old stand of Douglas-fir. The soil
at this site is a gravelly loam derived from a colluvium of weathered ba-
salt and sandstone. This site has been described in detail by Fogel
(1976), Cromack et al. (1979), and Hunt and Trappe (1987). Site two
was in the Oregon Cascade Mountains in the H. J. Andrews Experimen-
tal Forest at approximately 625 m elevation and is dominated by a
42-year-old Douglas-fir stand that had been precommercially thinned
10 years previously. The soil at this site is another gravelly loam derived
from a colluvium of Mazama ash where the bedrock is primarily
pyroclastic. Site three was located 9 miles south of Albion on the north-
ern California coast at 50 m elevation. This 25-ha site was planted with
Eucalyptus giobulus 25 years ago. The soil at this site is sand. At each
site and sampling time, five samples were taken from different mat soils
and adjacent non-mat soils using a trowel.

At site one in the Coast Ranges, we studied two ectomycorrhizal mat
communities; H. setchellii and G. monticola. The mat communities
were located in the mineral soil with little or no visible evidence that
their rhizomorphs penetrated the litter-moss layer. However, there was
extensive rhizomorph development in the top 10 cm of the mineral soil.
These mats were most often found under a continuous bryophyte layer.
At site two in the Cascade Mountains, H. setchellii mats were scarce;
therefore, we sampled two closely related mat-forming ectomycorrhizal
species, H. coriaceum and H. crassirhachis, both occurring primarily in
mineral soil, as well as G. monticola which was found exclusively in
mineral soil. At site three, in northern California, the dominant mat-
forming ectomycorrhizal fungus was A. gardneri which is associated ex-
clusively with Eucalyptus litter. At this site, we compared mat and non-
mat litter rather than mat and non-mat soil, as was done in sites one
and two.

Each site was sampled at least once during each major season, al-
though site three was sampled four times instead of five. In previous
work (Griffiths et al. 1990), we had determined that there were four
times of year during which distinctive physiological changes occurred in
the ectomycorrhizal mat community: (1) in late summer when soils were
dry and warm, (2) in fall with initiation of the rainy season while the
ground was still relatively warm, (3) in the wet and cold winter, and (4)
in the moist and warm mid- to late spring. After samples had been col-
lected at each site, the soils or litter were placed in plastic bags and
transported to our laboratory in ice chests for initial processing. Rocks,
stems, small branches, and roots were removed from the samples by
hand.

Assays

The methods used to assay soil moisture, extractable ammonium, N
mineralization, respiration rates, chloroform fumigation-flush, and N,
fixation and denitrification rates were the same as those described by
Griffiths et al. (1990). The ammonia-sequestering capacity of Califor-
nia litter was measured by adding 5 g field-moist litter to 30 ml of 0.1 M
NH,CI and shaking the mixture for 30 min at 22°C. Samples were fil-
tered through a Whatman no. 1 filter, and the litter caught by the filter
was washed three times with 30 ml deionized water. The filter with litter
was added to 50 ml 2 ml 2 M KCl and shaken for 1 h, and the ammonia
concentration measured as above. Filter paper without litter was run as
a control.

Measurements of all variables except chloroform fumigation-flush
C were made using duplicate subsamples. Triplicate subsamples were
analyzed for chloroform fumigation-flush C. Three-way analyses of
variance using SPSS (Nie et al. 1975) was performed using season
(spring, summer, fall, and winter), site (Mary’s Peak, Andrews, and Cal-
ifornia) and mat type (Hysterangium, Gautierig, and non-mat) as main
effects. The data were analyzed in three ways, mat and non-mat soils in
Oregon, Hysterangium and non-mat soils in Oregon and California,
and Hysterangium and non-mat soils in California. The mat/non-mat
comparisons were made using the separate Oregon and California ana-
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lyses and the combined Oregon and California analysis was used to
compare the significance of difference by site. Least significant differ-
ences (Fisher-protected LSD) were calculated for all values only when
F was significant at P=<0.05.

Resuits

Abiotic variables

The pH was significantly higher in non-mat mineral soils
and litter than in mat soils and litter at all three sites (Ta-
ble 1). Mineral soils colonized by G. monticola were sig-
nificantly drier than the non-mat soils at both Oregon
sites (Table 2). There was no significant difference in
moisture between mat and non-mat litter from the Cali-
fornia site where all mats were Hysterangium gardneri,
nor between Hysterangium mat soil and non-mat soil in
the Oregon sites. Extractable ammonium levels associated
with litter in the California site were significantly greater
than levels observed in the Oregon mineral soil samples
(Table 3). In addition, the ammonium concentrations
were significantly greater in California mats than in non-
mat litter, extractable ammonium being 14.1+SD 10.3
and 45.7+SD 43.3 ugg™' dry weight, respectively, for
non-mat and mat litter. In Oregon, when data were
summed over all dates and both sites, ammonium levels
in the mat and non-mat mineral soils did not differ sig-
nificantly. There was no significant difference between
the ammonium-sequestering capacity of five California
non-mat litter samples (462+SD 86 ng NH, -N seques-
tered g~' dry weight) compared with five mat litter sam-
ples (453+SD 52 um NH; -N sequestered g~' weight).

Chloroform fumigation-flush C and N mineralization
measurements

With few exceptions, there were significant differences
between chloroform fumigation-flush C (Cg,y) in both

Table 1. Soil pH in each ecosystem over a 1-year period for mat and
non-mat soils or litter

Location Month Non-mat  Hysterangium  Gautieria
mat mat
Mary’s Peak, May 5.104 4.778 4.63€
Oregon Jun 5.674 4,778 4.84€
Aug 5.16% 4.78¢ 4918
Nov 5.394 4.75¢ 4.858
Mar S48 4.888 5.07*
H.J. Andrews, May 5.614 5418 5.28¢
Oregon Aug 5277 4,78€ 5.048
Nov 5.73A 5.378 5.438
Apr 5.354 4.94€ 5.094
California Mar 5.454 5.148 *
Jun 4,715 4.54% .
Sep 5.444 4,738 .
Dec 5.12° 4,798 .
Mar 5.20* 5.032 .

Values followed by different letters are significantly different at
P=0.05; least significant differences (LSD) were 0.098 (Oregon) and
0.284 (California) for mat/non-mat comparisons

*No Gautieria mats found in California litter
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Table 2. Soil per cent moisture

Table 5. Mineralizable N

Location Month  Non-mat  Hysterangium  Gautieria Location Month Non-mat  Hysterangium  Gautieria
mat mat mat mat
Mary’s Peak, May 62.44 42,28 66.74 Mary’s Peak, May 255" 1998 134€
Oregon Jun 59.84 68.27 40.88 Oregon Jun 2078 2684 126€
Aug 27.54 24.54 24.04 Aug 2158 2694 £53€
Nov 49.7% 36.24 28.78 Nov 1188 344 1594
Mar 51.44 224 38.58 Mar 698 184 558
H.J. Andrews, May 49.9% - " &8.0A 34.58 H.J. Andrews, May 988 2184 1098
Oregon Aug 16.94 27.64 17.62 Oregon Aug 2038 4454 144€
Nov 65.74 60.84 51.4B Nov 868 1394 1384
Apr 75.58 101.34 48.8€ Apr 908 2204 79%
California Mar 25.9 35.1 * California Mar 166 446 *
Jun 38.1 25.5 . Jun 402 556 *
Sep 17.8 234 » Sep 875 472 "
Dec 58.0 48.2 . Dec 380 352 *
Mar 114.4 138.2 * Mar 412 618 *

LSD = 13.6 for Oregon mat/non-mat comparisons. For other explana-
tions, see Table 1

Table 3. Soil-extractable ammonia using 2.0 M KCl

Location Month Non-mat  Hysterangium  Gautieria
mat mat
Mary’s Peak, May 14.34 §5.17F 4,158
Oregon Jun 2.078 5.24A 2.078
Aug 2.31B 7.44% 4.71B
Nov 1.634 .83 3.134
Mar 1.844 1.30* 1.482
H.J. Andrews, May 1.06% 1,570 1.14%
Oregon Aug 2.494 T 3.720
Nov 1.014 0.894 0.86%
Apr 0.564 1.854 0.70*
California Mar 8.69F 70.94 *
Jun 7.638 29,44 "
Sep 16.28 282N *
Dec 16.2* 20.44 *
Mar 9.58 45.14 *

Values are pg Ng~!' dry weight soil; LSD = 21 for all Oregon mat/
non-mat comparisons; for other explanations, see Table !

Table 6. Ratio of C from chloroform-fumigation flush CO, to
mineralizable N

Location Month  Non-mat  Hysterangium  Gautieria
mat mat
Mary’s Peak, May 6118 35.94 2824
Oregon Jun 8.37% 280 3114
Aug 3.908 33.34A 20.34
Nov 10.3B 54,04 27.38
Mar 23.6€ fiax 77.38
H.J. Andrews, May 24.28 4524 47.54
Oregon Aug 5.698 13.98 38.24
Nov 26.7€ 95.64 49.38
Apr 2575 96.44 53.28B
California Jun 12.8 9.77 *
Sep 2.81 11.54 .
Dec 15.6 29.5 *
Mar 235 10.8 .

Values are pg ammonium-N g ! dry weight soil or litter; LSD = 2.7
(Oregon) and 7.6 (California) for all mat/non-mat comparisons; for
other explanations, see Table 1

Table 4. Fumigation flush C

Location Month  Non-mat  Hysterangium  Gautieria
mat mat
Mary’s Peak, May 145€ 7024 3518
Oregon Jun 1618 5254 3614
Aug 70€ 898~ 3048
Nov 160 9894 4048
Mar 153¢ 9564 3908
H.J. Andrews, May 204¢ 9214 4478
Oregon Aug 968 602~ 4184
Nov 209°€ 10994 6338
Apr 148€ 861~ 5978
California Jun 423 362 .
Sep 353 380 .
Dec 590 984 .
Mar 967 653 .

Values are mcC 100g~' dry weight; LSD = 190 for Oregon mat/
non-mat comparisons; for other explanations, see Table 1

LSD = 20.2 for all Oregon mat/non-mat comparisons; for other ex-
planations, see Table 1

H. setchellii and G. monticola mats compared to non-
mat soils at the two Oregon sites throughout the year (Ta-
ble 4). The highest flush C values occurred in H. serchellii
mats, with intermediate values in G. monticola mats and
the lowest values in non-mat soils. There was no signifi-
cant difference between flush C in mat and non-mat litter
samples from the Eucalyptus stand in northern Califor-
nia. In June and March, flush C was greater in the Cali-
fornia non-mat litter samples than in the mat litter.

N mineralization (N,,) was significantly higher in a
number of mat/non-mat comparisons at all sites, as indi-
cated in Table 5. When N mineralization was used to gen-
erate Ceym: Nmin ratios, some interesting trends were ob-
served (Table 6). There was a significant difference be-
tween both Hysterangium sp. and G. monticola mat soils
compared with non-mat Oregon soils from both sites.
There was no significant difference between the
Cium: Nmin ratios in mat and non-mat litter in the Cali-
fornia samples.



Respiration, N fixation, and denitrification rates

Respiration rates were significantly greater in mat soils or
their litter than in non-mat soils or the corresponding lit-
ter at all locations during most of the sampling periods
(Table 7), and respiration rates in non-mat samples from
California were significantly greater than those from the
Oregon sites. In California, the only time when respira-
tion rates were greater in non-mat litter than in mat litter
was in September, when the litter was driest.

There was no significant difference between denitrifi-
cation rates compared across mat, site, or date, primarily
due to wide variations in the data (Table 8). The mean
denitrification rates observed in mat litter were greater
than those in non-mat litter in the California samples for
four of the five months tested, although these differences
were not statistically significant. There was also no signif-
icant difference between the N,-fixation rates in mat and
non-mat samples by site (Table 9); however, N,-fixation
rates were greater in mat litter in the first three sampling
periods at the California site.

Discussion
Differences between mat types

In a previous study, soils associated with H. setchellii and
G. monticola mat soils had significantly different levels
of soil enzymes, suggesting that different mat-forming
mycorrhizal fungi may play different roles in plant nutri-
tion (Caldwell 1990, unpublished data). Enzymes that
break down plant structural polymers were found at sig-
nificantly higher levels in H. setchellii mat soils than in
G. monticola mat soils. Since G. monticola as higher con-
centrations of calcium oxalate than H. setchellii (Sollins
et al. 1981), it is likely that of the two extomycorrhizal
fungi, G. monticola is better suited for extracting plant
nutrients by weathering minerals, since oxalic acid is
known to have mineral-soil weathering properties (Robert
and Berthelin 1986; Tan 1986). H. serchellii, however, has
elevated hydrolase activities relative to G. monticola, sug-
gesting that of the two, H. serchellii should be better suit-
ed to breaking down organic matter.

In this study, additional differences were observed be-
tween soils colonized by G. monticola and Hysterangium
spp. Chloroform fumigation-flush C was significantly
greater in samples collected from Hysterangium spp.
mats than G. monticola mats, both of which produced
significantly greater C;,, than non-mat soil (Table 4),
supporting previous findings of greater microbial bio-
mass, and C levels, in mat-dominated soils (Cromack et
al. 1988). Of the two fungi, G. monticola formed signifi-
cantly drier mat soil compared with the adjacent non-
mat soils (Table 2). The dryness associated with G. mon-
ticola is an interesting feature of these mats. A recent
study of soil hydrophobicity showed that G. monticola
mats are extremely hydrophobic, with negligible water
penetration after 24 h (K. Anderson 1989, personal com-
munication). This concurs with informal field observa-
tions that G. monticola mats appear much drier than ad-
jacent soils during much of the year. In contrast,

Table 7. Respiration rates
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Location Month Non-mat  Hysterangium  Gautieria
mat mat

Mary’s Peak, May 0.2998 1.247A 0.9104
Oregon Jun 0.2248 1.1724 1.0314

Aug 0.140¢ 0.9058 1.217A

Nov 0.145€ 0.966° 1.0334

Mar 0.136€ 0.619% 1.1838A
H.J. Andrews, May 0.356B 1.032° 1.2014
Oregon Aug 022532 1.236% e % i

Nov 0.1288 0.786* 0.8334

Apr 0.121€ 0.8354 0.4668
California Mar 0.8138 1.809* .

Jun 0.6258 1.4764 g

Sep 0.7454 0.4184 .

Dec 0.575B 1.705* *

Mar 0.8208 1.5964 *

Values are pmol CO,g~' dry weight h~'; LSD = 0.34 (Oregon) and
0.43 (California) for mat/non-mat comparisons; for other explana-
tions, see Table 1

Table 8. Denitrification rates

Location Month  Non-mat  Hysrerangium  Gautieria
mat mat
Mary’s Peak, May 22 20.0 12:1
Oregon Jun 31.7 42.7 7.9
Aug 19.9 12.3 36.5
Nov ND ND ND
Mar 1.26 0 8.1
H.J. Andrews, May 79.7 86.2 63.6
Oregon Aug 5.1 0 23.0
Nov ND ND ND
Apr 0 0 0
California Mar 37.0 125 o
Jun 36.3 72.7 .
Sep 0.9 14.3 .
Dec 177 24.3 *
Mar 103 608 s

Values are pmol NO g~ ' dry weight soil d~'; ND, not determined; for
other explanations, see Table |

Table 9. N, fixation rates

Location Month Non-mat  Hysterangium  Gautieria
mat mat
Mary’s Peak, May 15.9 38.1 76.4
Oregon Jun 32.0 78.8 107
Aug 12.3 110 53.6
Nov 0 0 0
Mar 0 0 0
H.J. Andrews, May 3.42 3.29 15.0
Oregon Aug 0 92.8 79.0
Apr 0 0 0
California Mar 121 229 *
Jun 72.7 314 .
Sep 0 10.3 o
Dec 780 612 *
Mar 607 0 *

Values are pmol ethylene g~ ' dry weight soil d~'; for other explana-

tions, see Table 1



200

Hysterangium spp. mats wet up soon after the onset of
fall rains.

The significance of the shifts in C: N ratios

In a previous seasonal study of H. setchellii mat soils, the
ratio of Cgym: Npin Was greater in mat soils than in non-
mat soils (Griffiths et al. 1990). The results from the cur-
rent study confirm this observation in both Oregon loca-
tions. Ratios of chloroform fumigation-flush C to N min-
eralization were significantly higher in Hysterangium
spp. and G. monticola mats than in non-mat soils (Ta-
ble 6). This pattern might be expected if significant dif-
ferences occur in the microbial populations of mat and
non-mat soils. For example, it is known that the C: N ra-
tio of fungi is generally much greater than of bacteria,
with C:N ratios of 4.5 to 15 common for active fungal
hyphae (40—100 for inactive hyphae but 3—5 common
for bacteria; Paul and Clark 1989). Protozoa and nema-
todes may also constitute a significant fraction of “mi-
crobial” biomass (Ingham and Horton 1987), and their
C:N ratios are approximately 10—40 for protozoa and
40— 80 for nematodes (Paul and Clark 1989). If it is true,
as hypothesized by Myrold (1987), that both chloroform
fumigation-flush C and N mineralization are indices of
microbial biomass, then it seems logical that mats would
have higher Cgym : Npin ratios if there were a higher fun-
gal than bacterial biomass in mat soils compared to non-
mat soils.

Direct counts in both mat and non-mat soils reveal,
however, that although the total microbial biomass is
greater in mat soils, the ratio fungi: bacteria: proto-
zoa:nematodes was not significantly different in mat
soils compared to non-mat soils (Cromack et al. 1988;
Ingham et al. 1991). From this we conclude that shifts in
Cium: Nmin ratios represented more than a shift in the
qualitative characteristics of the microbial assemblages
present. It is likely that these shifts represent differences
in the relative concentrations of labile C and N in these
soils.

There is evidence that the chloroform-fumigation
technique exposes soil organic materials to microbial de-
gradation that does not occur in soil that has not been fu-
migated with chloroform (Voroney and Paul 1984;
Brookes et al. 1985; Azam et al. 1989). If this is the case,
estimates of microbial biomass by flush C or N mineral-
ization may overestimate the concentration of microor-
ganisms present. Conversely, if there is a large segment of
the microbial population that is not degraded following
chloroform fumigation, flush C will underestimate mi-
crobial biomass (Ingham and Horton 1987). Similar ar-
guments could also be applied to the 7-day anaerobic in-
cubation period at 40 °C used to determine mineralizable
N.

If mineralizable N reflects the labile N component of
soil organic matter (including microbial biomass) rather
than just microbial biomass, it appears that the ratio of
labile N to labile C was lower in mat soil than in non-mat
soil. This is the condition we would expect if mat fungi
were removing labile organic N from the system in prefer-
ence to labile C. This observation therefore supports the

contention that mycorrhizal fungi. or at least the mat
community as a whole, is capable o “mining” organic N
from soil.

Increased ammonium concentrations in California mat
samples

Extractable ammonium was significantly greater in mat
than in non-mat litter from the California sampis site
(Table 3) but not different in the Oregon mat and non-
mat soils. The Oregon results were the same as those ob-
served in a previous study (Griffiths et al. 1990). There
are at least three plausible explanations for the differenc-
es seen in the California samples: (1) The ectomycorrhizal
fungus increased the rate of litter decomposition; (2) the
fungus increased the ammonium-sequestering capability
of the litter; or (3) the fungus in some way enhances
N,-fixation rates in mat litter. Samples of mat and non-
mat litter were treated with elevated concentrations of
ammonium (10~% M), washed, and then extracted. There
was no significant difference between the mat and non-
mat litter, suggesting that either the fungal mat does not
sequester ammonium or that all sites of ammonium at-
tachment were already occupied with ammonium ions.
The mean N,-fixation values were greater in mat than in
non-mat litter for three out of five sampling periods, but
these differences were not statistically significant, sug-
gesting that the third explanation is not attractive,

If decomposition rates were significantly greater in
mat litter, we would expect elevated respiration rates in
these samples and, with the exception of the samples col-
lected at the driest time of the year, this was true (Ta-
ble 3). However, why was there no difference in
Chum: Npin ratios between mat and non-mat litter in the
California system while there were significant differences
between the Oregon mat and non-mat soils, and why was
there a significant sequestering of ammonium in the Cali-
fornia mat litter and not in the Oregon mat soils? The an-
swer may lay in the temporal characteristics of the Ore-
gon soil versus California litter systems. Mycorrhizal
mats collected in Oregon are perennial features, similar to
those reported by Hintikka and Naykki (1967). The mats
in litter in the California eucalyptus grove appear to be
a more seasonal feature. These mats occupied nearly
100% of the litter during the moist months of the vear,
but occurred only in isolated patches during the dry peri-
ods.

The perennial mats sampled in Oregon may be
adapted to using any litter that falls onto the ground rath-
er than gaining access to new material through rapid out-
ward expansion. Preliminary data indicate that the meta-
bolic activity in the edges of the mat is not significantly
different from that in the center (1989, unpublished da-
ta). In the Oregon mats, both rapid decomposition and
recovery of organic nutrients from soil organic matter
may occur as the result of ectomycorrhizal fungal coloni-
zation. In the California litter system, however, it is possi-
ble that the ectomycorrhizal fungus decomposes the lit-
ter, as the litter is invaded during the moist season. In the
litter-mat system, the ability of the fungus to take up and
transport organic N and P released during decomposition



may not be as fully developed as in the perennial mats
found in Oregon coniferous forests.

The role of mycorrhizal fungi
in promoting soil heterogeneity

In addition to their possible role in promoting organic
matter degradation, fungal mat communities increase

soil heterogeneity, thereby providing habitats different

from those in both the bulk soil and the non-mycorrhizal
rhizosphere. As mentioned above, compared to non-mat
soils, mat soils may be more hydrophobic, have a lower
pH, and higher levels of oxalic acid (Cromack et al. 1979,
1988). The elevated concentrations of oxalic acid in mat
soils are thought to be primarily responsible for the sig-
nificantly altered soil chemistry (Rose et al. 1991) and the
elevated concentrations of oxalic acid-using bacteria
(Knutson et al. 1980). All of these observations taken to-
gether strongly suggest that mycorrhizal mat communi-
ties may provide a distinct habitat within forest soil that
may increase soil species diversity. In addition, these mat
communities may increase host plant survival by increas-
ing rhizosphere heterogeneity.

There should also be qualitative differences in the or-
ganic material available for use by heterotrophs. Mycor-
rhizal plants are known to allocate greater portions of to-
tal photosynthate production to the rhizosphere com-
pared to non-mycorrhizal plants (Bevege et al. 1975; Pang
and Paul 1980; Reid et al. 1983). The increase in photo-
synthates and the action of the mycorrhizal fungus can
alter the composition of organic substances released into
the mycorrhizosphere (Meyer 1974; Bevege et al. 1975). It
is likely that these differences will influence the character-
istics of microbial populations and the belowground
foodweb. Indeed, this was the finding in a preliminary
study of protozoa, nematodes, and microarthropod pop-
ulations in mat and non-mat soils (Cromack et al. 1988).
Other studies have also shown qualitative and quantita-
tive differences in bacterial populations associated with
mycorrhizal plants (Meyer and Linderman 1986; Knutson
et al. 1980).

In addition to differences in microflora and fauna,
mycorrhizal mat communities are thought to alter plant
community composition as well. Early studies of pre-
sumed mycorrhizal mats in subarctic forests have shown
that plants growing in soils colonized by perennial fungal
mats were different from those growing in non-mat soil.
These plants were typical of those growing on soils de-
pleted of nutrients (Hintikka and Naykki 1967).

During the course of our field studies on mycorrhizal
mat communities, we discovered that under the enclosed
canopy of a mature Douglas-fir forest, Douglas-fir seed-
lings are found exclusively in either Hysterangium or
Gautieria mats (Griffiths et al. 1991). This suggests that
mat soils may act as a nursery for seedling establishment
under conditions that normally would not allow seedling
survival. The mechanism that allows this to occur is not
known at this time, but the mat community may enable
the seedling to tap into the resources of the overstory tree,
which would include a potential pool of photosynthates,
inorganic nutrients, and/or water (Read et al. 1985). The
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mat community may also act to reduce the seedling’s sus-
ceptibility to attack by root pathogens (Marx 1972).

Conclusions

A comparative study of forest soil and litter colonized
with mat-forming mycorrhizal fungi in Oregon and Cali-
fornia was conducted in which per cent moisture, pH,
chloroform fumigation-flush C, N mineralization, ex-
changeable ammonium, and respiration, N,-fixation and
denitrification rates were measured. The data suggest
that: (1) different mat-forming mycorrhizal fungi may
play different functional roles in forest soils, (2) mat-
forming mycorrhizal fungi increase the heterogeneity of
forest soils, thereby increasing the potential for increased
species diversity, and (3) based on shifts in Cgyp: N ra-
tios, fungal mats may be capable of preferentially remov-
ing labile organic N from mineral soils.

Acknowledgments. The authors thank Dr. James Entry for providing
the chloroform fumigation data, Ms. Jane Smith for her assistance in
the field work, and Dr. David Perry for his critical review of the manu-
script. This work was supported by U.S. Department of Agriculture
86-FYT-9-0224 and National Science Foundation BSR 8717849.

References

Abuzinadah RA, Finlay RD, Read DJ (1986) The role of proteins in the
nitrogen nutrition of ectomycorrhizal plants. II. Utilization of pro-
tein by mycorrhizal plants of Pinus contorta. New Phytol
103:495 - 506

Azam F, Stevenson FJ, Mulvaney RL (1989) Chemical extraction of
newly immobilized !N and native soil N as influenced by substrate
addition rate and soil treatments. Soil Biol Biochem 21:715-722

Bajwa R, Read DJ (1985) The biology of mycorrhiza in the Ericaceae.
IX: Peptides as nitrogen sources for the ecicoid endophyte and for
mycorrhizal and non-mycorrhizal plants. New Phytol 101:459—467

Bevege DI, Bowen GD, Skinner MF (1975) Comparative carbohydrate
physiology of ecto- and endomycorrhizas. In: Sanders FE, Mosse B,
Tinker PB (eds) Endomycorrhizas. Academic Press, New York, pp
149-174 :

Brookes PC, Kragt JF, Powlson DS, Jenkinson DS (1985) Chloroform
fumigation and the release of soil nitrogen. The effects of fumigation
time and temperature. Soil Biol Biochem 17:831—835

Cromack K Jr, Sollins P, Graustein WC, Speidel K, Todd AW, Spycher
G, Li CY, Todd RL (1979) Calcium oxalate accumulation and soil
weathering in mats of the hypogeous fungus Hysrerangium crassum.
Soil Biol Biochem 11:463 —468

Cromack K Jr, Fichter BL, Moldenke AM, Ingham ER (1988) Interac-
tions between soil animals and extomycorrhizal fungal mats. Agric
Ecosyst Env 24:155-169

Fogel R (1976) Ecological studies of hypogeous fungi: II Sporocarp
phenology in a western Oregon Douglas-fir stand. Can J Bot
54:1152-1162

Griffiths RP, Caldwell BA, Cromack K Jr, Morita RY (1990) Douglas-
fir forest soils colonized by ectomycorrhizal mats: [. Seasonal varia-
tion in nitrogen chemistry and nitrogen cycle transformation rates.
Can J For Res 20:211-218

Griffiths RP, Castellano MA, Caldwell BA (1991) Description of mats
formed by the extomycorrhizal fungi Gautieria monticola and
Hysterangium setchellii and occurrence of Douglas-fir seedlings in
these mats. Plant and Soil (in press)

Hintikka V, Naykki O (1967) Notes on the effects of the fungus
Hydnellum ferrungineum (Fr.) Karst. on forest soil and vegetations.
Commun Inst For Fenn 62:1-23



202

Hunt GA, Trappe JM (1987) Seasonal hypogeous sporocarp production
in a western Oregon Douglas-fir stand. Can J Bot 65:438—445

Ingham ER, Horton KA (1987) Bacterial, fungal and protozoan re-
sponses to chloroform fumigation in stored soil. Soil Biol Biochem
19:545-550

Ingham ER, Griffiths RP, Cromack K Jr, Entry JA (1991) Comparison
of direct versus fumigation-flush microbial biomass estimates from
ectomycorrhizal mat and non-mat soils. Soil Biol Biochem (in press)

Knutson DM, Hutchins AS, Cromack K (1980) The association of calci-
um oxalate-utilizing Strepromyces with conifer ectoymcorrhizae. An-
tonie van Leeuwenhoek 46:611—619

Marx DH (1972) Ectomycorrhizae as biological deterrents to pathogen-
ic root infections. Phytopathology 10:429-454

Meyer FH (1974) Physiology of mycrorrhiza. Annu Rev Plant Physiol
25:567 - 586

Meyer JR, Linderman RG (1986) Selective influence on populations of
rhizosphere or rhizoplane bacteria and actinomycetes by mycorrhizas
formed by Glomus fasciculatum. Soil Biol Biochem 18:191-196

Myrold DD (1987) Relationship between microbial biomass nitrogen
and a nitrogen availability index. Soil Sci Soc Am J 51:1047— 1049

Nie NH, Jenkins JG, Steinbrenner K, Brent DH (1975) SPSS: Statistical
package for the social sciences, 2nd edn. McGraw Hill, New York

Pang PC, Paul EA (1980) Effects of vesicular-arbuscular mycorrhiza on
4C and '*N distribution in nodulated fababeans. Can J Soil Sci
60:241-250

Paul EA, Clark FE (1989) Soil microbiology and biochemistry. Aca-
demic Press, San Diego

Read DJ, Francis R, Findlay RD (1985) Mycorrhizal mycelia and nutri-
ent cycling in plant communities. In: Fitter AH, Atkinson D, Read

DJ, Usher MB (eds) Ecological interactions in soil. Blackwell Scien-
tific Publications, Oxford, pp 193-217

Reid CCP, Kidd FA, Ekwebelam SA (1983) Nitrogen nutrition, photo-
synthesis and carbon allocation in ectomycorrhizal pine. Plant and
Soil 71:415-432

Robert M, Berthelin J (1986) Role of biological and biochemical factors
in soil mineral weathering. In: Huang F, Schnitzer M (eds) Interac-
tion of soil minerals with natural organi<s and microbes. Soil Sci Soc
Am Spec Publ 17, Madison, pp 453495

Rose CL, Entry JA, Cromack K Jr (1991) Nutrient concentrations in
Hysterangium setchellii fungal mats in western Oregon coniferous
soil. Soil Biol Biochem (in press)

Sollins P, Cromack K Jr, Li CY, Fogel R (1981) Role of low-molecu-
lar-weight organic acids in the inorganic of fungi and higher plants.
In: Wicklow DT, Carroll GC (eds) The fungal community: Its organi-
zation and role in the ecoystem. Marcel Dekker, New York, pp
607-619

Stribley DP, Read DJ (1980) The biology of mycorrhiza in the
Ericaceae: VII. The relationship between mycorrhizal infection and
the capacity to utilize simple and complex organic nitrogen sources.
New Phytol 86:365-371

Tan KH (1986) Degradation of soil minerals by organic acids. In:
Huang PM, Schnitzer M (eds) Interaction of soil minerals with natu-
ral organics and microbes. Soi Sci Soc Am, Spec Publ 17, Madison,
pp 1-27

Voroney RP, Paul EA (1984) Determination of K, and Ky in situ for
calibration of the chloroform fumigation-incubation method. Soil
Biol Biochem 16:9-14



- Hewiomll tor ai asobosm Logelnd (b BN W

TS~ 80 gt ookl ]

Sar e piiaiss pegoriid (L800) AR mkledendT AT SBIN 3D walk
bir el spin lexidrosemase i noimoolis xodyn biw mamioy
SEB <ZiMIT B

so, ) inaimednoid Bag janipoiolt To slesl @8R 11 | rirdiyel A faioll
Lsvanl (bey 1 sansade? 4% poselt sl ghitiesiawe levanie Sioe &
302 B 08 aedown bus ool lensy g6y oxwiE oy io-ooi

2e -2 go gecled 71 WS oagl A

w, inciisussne: wahed (1961 4 X bame AL vl 1D sel
wortings acgmt) AEw al am agnst Wisdome migea

-iom ol Yo sich (18613 § el XD 41 i ¥ dasmedd 8 saitie?
ansin gt b mea? Yo tinagiont s 6 dbise slaageo sigivesl
nrpis 11 nenmounes laget ST (559) DO iarie ) TG wollbiW mi
g A e maisdl leoval oeamos o) of sl e sy
@3-

s m asidnoovs lo cgolold 6T @D 10 tesl S0 wide
Spu aoimial saSrooan pavwist giiesolinier 0T IV sasisshi
sastuc: gugenie oo migmes bk slgmiz scilo uw-ﬁ
ITE - aat T ey

o1 ibits oo v devesin Goe Yo sobsbegsdd (G900 WX el

e drw slersaim For 10 patssrsial febe) M aaiado MY paal
aGribadd $1 s ol A 2ol bR B8 ssdooim m?ﬁ
3 #I-‘

ol it w WA Boe X 0 noiaminessll ($991) A3 e SR v
102 uodtem soisduno-aehogunl angtoekic o Yo setundii
b - e oosdondll losd

- I. :
R0 el L

B P R e RS Y TR
» ] ] R e |

:_. 9 h _¥ -
aopint inacassd (TR0 1Y ML yquel AL sl
D bews il-awigned nugnO mwera 8 ai
1 nmogonc bs lmpet niweea (T9OT1 AN comob I medpe
moniaoif i a2 foe ieuom i peLag -w”:um
i
aostiaguen) (1900 AL puall Al X dssemo s SF GGlind AL ~sdgnl
mott siens oo ifonim drull scusga w0 10
-iofes 1o asiraosas AT (9891 3 dasitens 24 rainaeH MG aonuad
“meguding oF ek isugolioid ar sssiinosamond 121) HO cwi
323 -0 vgolodisaonat saninein o1 %
oS sl voll seA sHETIOESER Yo wroloedd ?oﬁ_ﬁtmﬂ i

0 rsnaiegog 0o v el vessiad (0901) OF ~serabaid AU wed
sz:mmum

Weissisas® STTR (2101} W sa0ell X wamndosné O sanionl M sitt
96 ssigmose seimcudwmaninsine Yo ol 9801) AT lueT 09 gest
hnrmtwwm-amsﬁlm >
A _rusisodooi’ hex vgololbonls Ho? @8E!) 39 helD AZ e
s bas sitsoum oM (292) Of wibed A ssned 1 besf
seaf 4! acedia HA maFl sl sebicsamnos i ol geline o

w




