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Successional processes in hanging gardens:
resi:onse of hanging garden flora and biota to fire
Tim B. Graham |
Introduction

Very little is known about the establishment of hanging garden ecosystems, recruitment of plant species,
immigration of vertebrates and invertebrates, or intéractions among species during succession (Nebeker et al. 1977,
Malanson 1986, Malanson and Kay 1980, Welsh and Toft 1981). Natural disruption of hanging garden communities
is limited primarily to rock falls crushing vegetation, sloughing of vegetation and colluvium off the footwall, and
herbivory. Under these circumstances, succe#sion is typically a cyclic process; the crushed or sloughed vegetation
is replaced by the same species following the physical change in the system (Welsh and Toft 1981).

The Knowles Cafion hanging garden is in a side cafion off the main stem of Knowles Cafion, at an elevation
of 1160m, in Navajo Sandstone. It was classified as a Class IV hanging garden (Welsh v1983, unpub. data). The
garden is two-tiered, the upper level is a wide, shallow alcove with backwall and detrital slope components, and
a lower level\of cliff'-facé vegétation ending at the plunge basin in the cafion floor. Fairly large Quercus gambelii,
and Cercis occidentalis grew around the periphery of the upper garden, on slopes at the ends of the alcove, and
along the lower ledges betweeﬂ the alcove and the lower cliff face.

On 4 July 1989, tﬁe' Knowles Cafion garden burned after visitors ignited fireworks in the area. The
aboveground vegetation on the uppér terrace was completely destroyed, although rootstocks of some species
survived. Portions of the lower garden vegetation was also burned. The fire was very hot, with flames as high
as 15-20m, causing rock slabé to spall off the alcove roof. Most of the organic matefial in the soil of the garden
was burned, and there is no soil structure remaining in most of the garden. A few patches of dense litter, mostly
leaves and seed pods of Cercis, or packrat midden material remain, but most 6f the "soil" consists of very dry,
powdery ash, and sand derived from the sandstone. The rock that fell off the roof covers a significant portion of

the dry areas on the alcove floor, some individual pieces cover more than 2m’.
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Dr. Stanley Wélsh visited Knowles Canyon in 1983, and made plant species lists fqr a number of hanging
gardens in the canyon, including the one that burned (Wélsh 1983). This represents the extent of pre-fire knowledge
of the hanging garden. Photo points were established, and photbs taken of thé garden in March 1990. [ visited the
site in May 1992 p;ior to designing this study.

Post-fire vegetation patterns in the Knowles garden appear to be driven by two factors: surviving
rootstocks and soil moisture. Vegetaﬁon is limited to herbaceous species growing in the wettest areas and sprouting
rootstocks of peregnialé, primarily Cercis occidentalis, Quercus gambelii, Phragmites australis, ‘;ﬂld Juncus balticus,
scattered throughout the gardeﬁ (Figure 1). Theré is some encroachment of desert annuals around the periphery
in dry ash (e.g. Eriogonum cernuum, Bromus rubens, and B. tectorum). The trees have experienced vigorous
growth, some are over 2m tall. Herbaceous species ’covered approximately 10% of the alcove, but plant cover is
100% in some patches. The rest of the alcove is covered by dry, rocky soil and ash. |

Fire generally lowers microbial biomass and respiration, the degree of reduction depends on heat and
duration of the fire (Fritze et al. 1993, 1994, Bisset and Parkinson 1980, Pietikainen and Fritze 1993, Raison and |
McGarity 1980). Recovery rates also depend on how hot the fire was, how much ash is deposited, and the degree
of vaporization of soil carbon (Raison 1979, Bisset and Parkinson 1980, Fritze et al. 1994).

Soil fertility and plant growth dépend on the soil microbial community to make nutrients available to plants
(Fritze et al. 1994). Soil communities can influence plant succession by diffe;entially affecting gfowth rates of
different plant species (Chapman et al. 1988, Bléir et al. 1990). Soil community structure may be indicative of the
seral stage of the plant community as well (Insam and Domsch 1988, Insam and Haselwandter 1989). The
significance of changes in soil community structure is not known relative to hanging garden succession. Given the
importance of healthy soil communities for maintenance of other plant commﬁnities, successful regeneration of the
Knowles Cafion hanging garden is expected to require the re-establishment of the soil community. Nothing is known
about soil communities in hanging gardens. Monitoring the soil community ove.r time in the burned garden will
provide at least correlative data on how soil and plant communities change ovér time in hanging gardens following

devastating disturbances. Linking plant and soil community changes can enhance management of these ecosystems,
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knowing how the two communities interact will enable resource managers to protect and/or restore hanging gardens
more effectively.

Fire involves changes in physical, chemical, énd biological conditions. The successional response by a
hanging garden community to fire may be different from its response to rock fall. This event, while unfortunate,
has provided the National Park Service with an opportunity to study successional processes in the unique hanging
garden habitat. The objectives of this study are to document .successiqna] changes in plant communities of the
hanging garden over time, and determine if and when the garden reaches a relatively stable stage. This study will
have two facets: 1) comparisons of plant community structure over time in each habitat of the burned garden; and
2) documentation of changes in the soil communities of the burned garden habitats.r

We had intended to also compare plant and soil communities in the burned garden with communities in an
undisturbed garden that appeared similar in terms of size, aspect, topography, and geology if we could find one.
We were not able to find a suitable undisturbed garden to use as a control, so this aspect of the study, which would
only hgve become meaningful after a number of years as the burned garden approached equilibrium, will not ‘be

addressed.

Method.s

'Nested frequency (Hironaka 1985, Mosley et al. 1986, 1989, Smith et al. 1987), and cover, as cover
classes modified from Daubenmire (1959) for rock, bare ground, litter, and each plant species were estimated in
20 permanent plots randomly located in each habitat (Figure 2). The number of seedlings in each permanent plot
was recorded, and seedlings were identified to species where possible. The longest canopy diaméter, and longest
diameter perpendicular to that diameter were measured for individual Cercis to estimate canopy cover of these trees.
Different sized plots were sampled in the different habitats because théy covered different sized areas. - The dry
habitats were sampled with 0.25m’ plots, ihe central area with 0.1m? plots, and 0.05m? plots were sampled in the
backwall habitat.

Frequency is the probability of finding a particular species or soil character if a'quadrat is placed randomly

in an area (Hironaka 1985). It indicates presence/absence of a plant or soil character within each plot, and thus
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provides a relative indication of abundance. Frequency values are highly dependent on plot frame size as well as
" plant density and distribution (Hironaka 1985, West 1985). For this reééon, a series of nested plots is generally
used (Hironaka 1§85). Nested frequency uses a plot frame subdivided into 4 quarters, with plots of decreasing size
considered to be nested within the .ai:tual frame used (Figure 3). Nested frequency values are obtained for each
plant species rooted within the plot frame, as well as rock, gravel, bare ground, cryptobiotic crust components, and
litter. The nested plots are considered sequentially, and the frequency score is recorded as the plot frame in which
the plant _ﬁfst occurs. Thus, a plant found in the ﬁrst plot (A of Figure 2) occurred in all four plots, and is given
a value of 4; a plant in the second plot (B) occurréd in three plots, and is scored a 3, C is scored a 2, and if a plant
. doesn’t occur until the entire plot frame is considered (D), it is scored a 1. Frequency values for the area sampled
are calculated by summing the nested frequency values. across the plots for each species, then dividing by the
number of plots (usually 20 in this study), and multiplying by 100. Frequency values using this method range from
0-400. Chi square analysis will be used to determine if frequency values for a species differs from one year to the
next (Hironaka 1985).

Plant cover is estimated as the percent of the entire plot frame covered by each species, and is recorded
as a cover class (Table 1). Cover is estimated for all plant species occupying space in or above the plot, whether
the plant is rooted in the plot or not. Cover of soil characters are also estimated in each plot (Table 3).

| Absolute cover for a species is estimated byv multiplying the mid-point of each cover class (Table 1) by the
number of plots cover for the species was assigned to that cover class. The resulting cover estimates are summed,
and the total divided by the number of plots to get percent absolute ground cover for that species.

Percent cover ‘and frequency were totalled for each species, and for rock, litter, and bare gfound in each
area. Plant cover values were summed to obtain an absolute plant cover value for eacﬁ area. Canopy cover (CC)
was estimated for each tree as: CC = 7*[(d,+d,)/4]. Canopy cover was summed and average canopy cover for
trees was calculated.

Soil samplés were collected in each habitat area from random points (Figure 2). Four samples were
collected from backwall and central seep habitatg , and six were collected in each dry habitat. Soil samples consisted

of cores, 5cm in diameter, and 15cm deep, except in the backwall habitat where the soil was only 3-10cm deep.
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The backwall samples represent the entire soil column at each site. - Samples were collected 13 July 1993, just
before we left Knowlés Carion, sealed in zip lock bags, and shipped the next day to the Soil Microbial Biomass
Service, Oregon State University, for analysis. Soil moisture was measured in each sample by subtracting the
weight of dry soil from wet soil weight. Soil moisture is reported as the weigﬁt of water that would be associated
with one gram of dry soil. Active bacteria, active and total fungi, nematode numbers, and trophic and guild
composition of the nematode community were determined. Soil samples were analyzed as described in Ingham et

al. (1989) and Coleman et al. (1990).

Results and Discussion

Vegetation

The hanging garden appeéared to have changed little between May 1992 and July 1993. Most of the ledge
is still devoid of any vegetation; colonization appears to be occurring as vegetative expansion from establishéd areas.
Essentially no plants are rooted in the large dry areas on either side of the central drip line. The central area had
expanded some along its edges, although there is still a bare patch within the area where a small Cercis occidentalis
burned (it has not re-sprouted). Revegetation of tfle backwall is also proceeding slowly. Adiantum capillus-veneris
is the most abundant species along the backwall, but its distribution is quite patchy as shown by the amount of bare
ground recorded in the transect. A'lthough total ground cover is still sparse, the area occupied by Phragmites had
expanded since our 1992 visit.

Twenty six species were recorded in the garden during releves by John Spence (Table 2). Of these, 18
species occurred in at least one permanent plot in one of the ixabitat patches. Many of the other species (e.g.,
Quercus gambelii, Tamarix ramosissima, Cirsium rydbergii, Astragalus cf. zionis, etc.) were either rare (usually
1 plant) or were growing outside the study area, usually along the foot slope below the main burned part of the
garden, or in the lower garden. Figure 4 shows the accumulation of species detected in sampling vs. the total area
sampled for each of the four habitat patches (species/area curves). Tfle percent of the total number of species
observed in each habitat that occurred in sample plots are indicated at the end of each line. Table 3 presents

frequency and cover estimates from plots in each habitat patch.
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The total area of each dry habitat is éstimated to be about 200m?. To facilitate placement of permanent
plots in the dry habitats; a 50m? (Sm X 10m) quadrat was established in the center of each dry area (Figure 2).
A total of 5m* was sampled in each dry area (20 0.25m’ plots). This represents 10% of the quadrat, but only about
2.5% of the total area of each drS' habitat. Sovme plots fell corﬁpletely or mostly on large boulders, which will not
show evidence of succession for maﬁy years. Substitute plots will be located in 1994 so that the area sampled
represents habitat that could be colonized in ecoldgical time. The dry areas were adequately sampled given the lack
of plants growing in them now, but an additional 20 plots will be established in each dry habitat area in 1994 in
anticipation of eventual colonization by plants.

There were almost no plants rooted in the dry areas, but in both areas, there are plants encroaching via
vegetative growth (Juncus arcticus and Panicum acuminatum on the west, Phragniites australis on the east). Seven
species were present on the east .side (Table 2). Two species were found outside the defined study area, Quercus
gambelii below the study area on the lower footslope, and Cercis occidentalis, found along the periphery of the dry
area above and below the study quadrat (Figure 1). Six species (Table 2) were used in calculating species-area
sampling efficiency (Figure 4). Cercis occideﬁtalis was included because some trees had canbpies hanging over the
dry area. Three species occurred in at least one vegetatidn plot; 50% of the species present in the study area were
detected. Total vegetation cover 1n the east dry area was estimated at 5.8% (Table 3).

"No species were rooted in the west quadrat, but nine species were found around the edges of the 50m’
sampling plot (Table 2). Single planis of Astragalus zionis and Eﬁ'ogonum cernuum were found at the western edge
of the garden, near the dry slope outside the alcove. Brickellia longifolia, Tamarix ramosissima, and Panicum
acuminatum were found along the upper backwall edge of the west study area, while Q. gambelii, Bromus rubens,
and Juncus balticus were found ﬁt the lower edge of the study area, extending down onto the lower footslope (Figure
1). Cercis occidentalis is present at both upper and lower edges of the west dry study area. Five species were
considered in _species-arga calculations, only one species (20%) occurring within the defined west dry study area
was detected in the 20 quadrats sampléd (Figure 4). Vegetation cover in the 50 m* sampling plot was only 0.15%

(Table 3).
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‘The backwall habitat was sampled as a strip transect at the base of the wall, 0.5m wide.v Sampling along ‘
the backwall wéé designed to monitor herbaceous vegetation only, thus the shrub and tree species (e.g., Cercis,
Brickellia, and others) were not recorded, even though their canopies did hang over some plots. These species were
not included in calculating- percent of the total number of species present that were detected in blots. Eleven
herbaceous species were found along this wall (Table 2), only five of which (45.5%) occurred in the 20 sample plots
(Figure 4, Tablé 3). Plants covered only 42.2% of the backwall ledge, and 718.9% of the ledge soils remained
unveggtated, four years after the fire even though most of the backwall was quite moist (Table 3). Vegetation was
dominated by A. capillus-veneris, with estimated cover of 41.3% (97.9% relative plant cover), and a frequency of
255 (Table 3). The backwall habitat is very heterogenous, with high species richness and k;'>atchy vegetation cover.

The central seep area is the most heavily vegetated patch of the garden. Vegetation was estimated to cover
70.1% of the ground in this habitat. Much of the patch actually has 100% vegetation and/or litter cover. There
were 18 plant species present (Table 2), 11 of which (61.1%) were recorded in plots (Figure 3, Table 3). Four
of the unrecorded species were present as single individuals. Aa'z;antum capillus-veneris (cover 29.6'%; frequency
150) and Polypogon semiverticillata (cover 28.2%, frequency 280) dominatéd central seep vegetation (Table 3).
These two species accounted for 83.6% of the cover of vegetation in the central seep study area.

Sampling the Phragmites australis patch is difficult. In 1993, we measured the iongest length and width
of the patch, without examining cover within the patch. The estimated total size of the patch was calculated by
treating the area as a triangle, and area calculaied as BH/2, where H = 11.7mand B = 5.6m. The total area was
32.76m’, but actual cover of P. australis was estimated to be only about 50% of the triangle.

Canopy cover of Cercis occidentalis is shown in Table 4. Nine trees were measured ‘in the west dry area,
and eight were measured in the east dry area (about 50% of the total canopy cover of this species in each area above
the foof slope). Total cover for the 17 trees was 84.5n?, average cover per tree was 4.97 + 3.67m* Abundance
of redbud was similar in the two areas (19 trees in the west area, 17 trees in the east area), but a'verage canopy
cover was significantly different in the two dry areas (Table 4, t, ;3 = 2.58, p =0.023). We did not measure trees

with Qverlapping canopies because of the difficulties of determining canopy boundaries.

Soil Community
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Soil community analyses indicate extremely variable conditions exist within and between habitats. Table
5 shows soil moisture, active and total fungal biomass, active bacterial biomass, and nematode numbers determined
at each sample location. Table 6 is a summary of the data, presenting the average, standard deviation, and range
" of values for soil community pzirzimeters. Soil sample site conditions are given in the Appendix.

Soil moisture

All fbur samples from the central seep area appeared very moist in the field. Soil moisture ranged from
0.48g to 1.02g water per gram of dry séil. The sample from below the dripline had the highest water content,
samples above the drip line contained less water (Table 5). This ix_1dicates that much of the water in the latter habitat
falls from overhanging rock instead of running down the cliff face and seeping through the soil below the backwall A
ledge. |

"In the backwall habitat, water content of soil samples ranged from .06 to 0.24g g' dry soil. Soil moisture
was significantly lower along the backwall than in the central seep area, additional evidence that much of the water
in the central seep habitat falls directly from the. overhanging rock.

East dry habitat soil sample water content ranged from 0.0Zg to 0.16g g dry soil. Three soil samples in
the east dry area were moist enough when collected to hold the soil sa@ple in the sampler.‘ Unfortunately, the three
dry samples had water leak into their bags during transit (Table 5), so measured soil moisture content does not
represent actual field moisture levels. Comparing the appearance of these samples to dry samples from the west
dry area indicates that water content was probably < 0.01g g dry soil.

The west dry habitat had drier soils than the east side, only 2 of the 6 samples were moist when collected.
These 2 samples were contaminated with water in transit, and thus actual soil moisture could not be determined
(Table 5). The other 4 samples were all ;'ery dry (< 0.01g g dry soil).

Soil fungal biomass

Fungal biomass varied within and between habitats (Tables 5 and 6). Regression qf active fungal bidmass '
on soil moisture was significant when the data were pooled across habitats (Figure Sa). The x;elationship to soil
moisture was also significant for total fungal biomass (Figure 6a). The influence of soil moisture on active or total

fungal biomass within each habitat is not clear, due at least in part because of the small number of samples in each
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area (Figures 5b and 6b). The central seep had the greatest fungal biomass, 'a]though the backwall sites and 2 sites
in the east dry area also had large estimates. Site DE4 was taken in a mat of Cercis seed 'pod and leaf litter, and
DE6 was t;1ken in the middle ofv the Phragmites patch. Both were moist at the 10-15cm depth. The highest fﬁngal
biomass value in the west dry area also came from a sample taken in seed pod and leaf mat that was moist when
collected. Active fungal biomass estimates in Knowles Canyon hanging gérden soils were much lower than levéls
reported for a variety of agricultural soils (91 to 377 pg g dry soil) by Sakamota and Oba (1994), but were similar
to prairie (0.8 pg g dry soil) and meadow (1.2 ug g dry soil) soils (Ingham et al. 1989). Ingham et al. (1989)
found pine forest soils ha(i much higher active fungal biomass (SO pg g dry soil) than any Knowles Canyon hanging
garden soils (Tables 5 and 6). Total fungal biomass in Knowles Canyon hanging garden soils followed the same
pattern as active fungal biomass (Tables 5 and 6).

Soil bacterial biomass

Active bacterial biomass was greatest in the central seep habitat, but differences between central and
backwall areas were small (Table 5). Regression of active bacterial biomass on percent soil moisture across all
habitats was significant, but the relationship is weak (Figure 7a). The relationship between soil moisture and active
bacterial biomass within habitats show varying results. The backwall had a clear positive relationship, but other

" regressions were less clear (Figure 7b). In the dry habitats, samples qualitatively classed as "moist" when collected
had the highest éctive bacterial biomass estimates (Table 5).

Bissett and Parkinson (1980) reported active bacterial biomass in burned and unburned subalpine coniferous
forest soils of 33 and 32 pug g' dry soil respectively from the A horizon, and 217 to 634 ug g dry soil from the
LFH horizon in July. The central seep habitat most closely resembled forest soils reported by Ingham et al. (198‘9)
and Bissett and Pafkinson (1980). Active bacterial biomass in agricultural soils reported by Sakamota and Oba
(1994) ranged from 82 to 263 pg g dry soil. Ingham et al. (1989) reported 1ug g' dry soil for prairie and meadow
soils, and 10 pg g' dry soil-in forest soils. Subalpine coniferous forest soils had 1.29 and 1.78 pg g' dry soil in
July samples of burned and unburned LHF horizon samples, respectively (Bissett and Parkinson 1980). The A
horizon active bacterial biomass was 0.12 pg g' dry soil in both burned and unburned soils in July (Bissett and

Parkinson 1980). The east and west dry habitats at Knowles Canyon resembled the A horizon of Bisset and
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Parkinson (1980). The backwall and central seep habitats had more bacteria than priaire and meadow soils (Ingham
et al. 1989), or subalpine coniferous forest soils (Bissett and Parkinson 1980), but lower than the lodgepole pine
forest soils examined by Ingham et al. (1989), or agricultural soils studied by Sakamota and Oba (1994).

Active fungal:active bacterial biomass ratios

There is a positive relationship between active fungal biomass and active bacterial biomass across the
hanging garden (Figure 8a).. Within each habitaf, hoWever, regression was significant only in the east dry study
area (Figure 8b). The ratios of active fungal biomass:active bactefial biomass were positively relatgd to soil
moisture when all data were considered together (Figure 9a), and within each habitat (Figure 9b). This is expected
since both fungal and bacterial biomasses were related to soil moisture. The relation is much weaker for the ratio
than for each component. | |

The backwall area had smaller active fungal:bacterial biomass ratios than fneadow, prairie or forest soils
reported by Ingham et al. (1989), but differences between meadow (1.2), priaire (0.8), and the backwall average
(0.36) were relatively small. Three of four backwall soil samples were dominated by bacteria; fungus and bacteria
in the fourth sample were similar (Table 5). In contrast, central seep soils were heavily dominated by fungi (Tables
5 and 6), and thus resembled pine forest soils studied by ingham et al. (1989). This is surprising since central seep
vegetation is comprised primarily of grasses, ferns, and sedges (94% of vegetative cover, Table 3). Burned and
unburned subalpine coniferous soils were also heavily dominated by fungi, with active fungal:bactefial biomass
ratios .of 168 to 450 (Bissett and Parkinson 1980).

Soil communi.ty characteristics of the dry habitats were extremely variable. Non-zero values for fungal
or bacterial biomass may represent relictual patches of pre-fire conditions. Samples showing essentia.lly no
microbial activity probably came from areas that burned more intensely. Only one soil sample that looked very dry
when collected had any active fungi, and active bacterial biomass in these dry samples was also zero or very low
(Table 5). Non-zero fungal/bacterial biomass ratios were generatly dominated by fungi, and thus resémbled the
forest soils more than meadow or prairie soils studied by Ingham et al. (1l989). This i's interesting since there were

no conifers in the garden prior to the fire, and no conifers have colonized since the fire.
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Thé raﬁo of active fungal to active bacterial biomass has been éhown to vary depending on plant commiunity
(Ingham et al. 1989, Coleman et al. 1990). Méadow, and to some extent praifie soil; were dominated by bacterial
biomass, while the coniferous forest soil studied was dominated by fungal biomass. If this is a general characteristic
of soil communities, h‘ealt-hy'hanging éarden soil communities would be predicted to be dominated by bacterial
biomass, since they most clos'ely resemble meadows in their plant growth forms and taxa (e.g., dominated by
graminoids agd herbaéeous dicots).

The fungal:bacterial biomass ratio is related to total respiration of the soil community, which determines
rates of decomposition and nutrient mineralization (Sakamoto and Oba 1994). With high Bacterial and fungal
numbers, there is a large turnover of plant detritus into bacterial and funga! biomass. If predators of these
orgaﬁisms are present, the result should be high availability of nutriems for plants in the spring (E. R. Ingham, pers.
comm.). Low bacterial and fungal biomass may indicate fhe system has low fertility, or there is rapid turnover (low
standing crop) of bacterial and fungal biomass, in which case fertility may be high.

There is some evidence that high fungal:bacterial biomass ratios occur in late successional seral stages,
while early seral stages are characterizéd by small ratios (Insam and Domsch 1988, Insam and Haselwandter 1989,
Sakamoto and Oba 1994). The most successionally advanced habitat, the central seep area, did have the largest
fungal:bacterial ratios, which supports this theory. Dry habitat soil samples either had large ratios, or no detectable
fuhgal or bacteriél activity (Tabie 5). The dry habitats are in the earliest successional stage, but their ratios may
feﬂect pré-ﬁre plant community composition more than current conditions. The kind of vegetation community that
might be expected to become established, or to persist at a site can be predicted from the fungal to bacterial biomass
ratios of soil samples (Ingham et al. 1989, Coleman et al. 1990). Most work has been done in agricultural systems;
there is a need for mofe work in natural ecosystems.

The Knowles Cafion hanging garden soil community does nét follow patterns of fungal:bacterial biomass
ratios predicted py Ingham et al. (1989) or Coleman et al. (1990). We need to continue sampling the soil
communities of the burned garden to determine changes in community structure as succession proceeds. Soil
samples should be collécted from nearby, undisturbed hanging gardens to characterize hanging garden soil

communities for comparison. It is expected that soil communities will be more similar between gardens than the
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plant communities since soil organisms disperse more widely (E. R. Ingham, pers. comm.), but soil depth and

development, moisture, and aspect will all affect composition as well.

Soil nematodes

Estimated total nematode numbers ranged from 0 to 5.1 g of dry soil (Table 5). All four habitats had
samples with no nematodes present. The maximum found in each habitat ranged from two in DW to 126.3 in the
central seep. Both the backwall and central seep areas had relatively high numbers. Reg?eséion of tofal nematode
numbers on soil moisture was not significant (Figure 10a) using data pooled across habitats. W;thin each habitat,
v the relatioriship between total nematode numbers and soil moisture varied (Figure 10b). However, in the two dry
habitats; only samples from moist soil had nematodes (Table 5).

The kinds of nematodes present in the different habitats also showed an interesting pattern (Table 5). Both
the central seep and backwall habitats had high furigal biomass, yet only the backwall soil contained many fungal-
feeding nematodes. More bacteria-feeding nematodes than any other type were found in backwall and dry habitats.
The centr.al .'seep habitat was dominated by root-feeding nematodes. Coldnization after the fire has been most rapid
and extensive in the central seep area (photos from March 1990, nine months after the fire, show grasses in this
area). Plant cover was 70.1% as opposed t042.1% along the back“-/all, and 0.2-5.8% in the dry habitats. Not
surprisingly, no root-feeders were found in the dry habitats. Even if roo;-feeding nematodes survived the fire in

these areas, they would have faced four years without any plants on which to feed.

Conclusions

Plants growing in the different habitats of the Knowles Cafon hanging -garden reflect differences in the
existing environments. Species found in the central seep and backwall hab_itats are typical hanging garden species,
with a few exotics that regularly invade moist habitats (e.g., T. ramosissima, P. ‘monspeliensis). The dry habitats
remain 1arge}y unvegetated because they are still dry. Even native and introduced annuals (e.g., M. albicaulis, B.
rubens, B. tectorum, Salsola iberica) have not be.come established on the dry sites. Revegetation in these areas has

been limited primarily to vegetative re-growth from surviving rootstocks or rhizomes.
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Soil samples revealed rpoisture is present 10-15cm below the surface in some areas of the dry habitats.
The P. australis patch appears to be exploiting this water source. Plz_ints might become established first in the dry
habitats in the areas where soil moisture is ﬁear the surface, but wetting of the surface soil may be necessary for
germination. Because the burned garden is in an alcove, it receives almost no direct precipitation. Saturation of
the surface soil is probably a rare evént; seedling establishment in these areas is expected to be rare as well.
Restoration of disturbed hanging gardens may require transplanting rooted plants that can tap sub-surface water as
opposed to seeding the area. |

Microbial biomass is reduced immediately after buming (Meiklejohn 1955, Ahlgren and Ahlgren 1965,
Millef et al. 1955). Fire intensity influences the depth to which soil biota are affected (Ahlgren 1974), and recovery -
is more rapid if the soil is moist (Bissett and Parkinson 1980). In a number of studiés, microbial communities
reached pre-burn levelé in 2-3 years, either by a dramatic increase to levels above pre-burn with a gradual decline
to pre-burn levels (Ahlg’ren and Ahlgren 1965, Ahigren 1974), or a gradual increase to pre-bum levels from low
immediately post-burn levels (Wright and B_ollén 1961, Meiklejohn 1965). Bissett and Parkinson (1980) found
significant differences between soil bacterial @d fungal biomasses from burned areas and adjacént unburned soil
six years after the fire. Differences were related to plant community differeﬁces (forest vs. grassland in unburned
vs. burned areas), and shifted seasonally as moisture availability changed. Changes in the soil community were
expected to continue as successional shifts in vegetation cause changes in litter characteristics and soil temperature
regimes (Bissett and Parkinson 1980).

Fritze et al. (1994) found that total microbial biomass was reduced 50% by burning, but it increased over
time; the microbial carbon:organic carbon ratio increased steadily for 11 years folloWing fire before stabilizirig
(Fritze et al. 1995’»). Soil drying by the fire accounted at least part of the microbial biomass reduction (Fritze et
al. 1993, 1994). Recovery of the community depended on moisture of the humus layer (Fritze ef al. 1993, 1994).

The relationship between soil moisture and soil community biomass is evident in the Knowles Cafion
samples, especially the bacterial component. Average active bacterial biomass in the backwall and central habitats
was 3.6 and 4.3 ug g'! dry soil respectively, while the dry habitat active bacterial biomass averaged only 0.13 (west)

t0 0.5 (east) ug g dry soil. Fungal comparisons are not as distinct, backwall and east dry averages were essentially
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eqlial. However in the east dry habitat where active fungal biomass ranged from 0 to 14.61 ug g dry soil, the two
high biomass values came from sites with moist soil (Table 5).

Sc.>i1 bacteria and fungi are nutrient sinks (Blair et al. 1990, Coleman et al. 1990, Setild et al. 1991).
Burning mineralizes these nutrients along with those held in plant litter before the fire. Plants respond with vigorous
growth after fire in response to this flush of available nutrients (Ober}e 1969, Christensen and Muller 1975, Raison

1979, Odum 1989), and thus may not need the soil corﬁmunity to recycle nutrients from plant biomass at this time.
Plants need sufficient soil moisture to acquire nutrients from the soil (Larcher 1980). The ability of plants to
capitalize on fire-released nmutrients depends on soil moisture. Re-colonization of backwall and central seep habitats
has been fairly rapid because both nutrients and water are available. Very few plants have become established in
the dry habitats, even though available nutrient levels are probably high, because there is no water at the surface.

Decomposer cominunity composition has been shown to affect soil nutrient dynamics (Blair et. al. 1990,
Ineson et al. 1982, Clarholm 1981, Ingham et al. 1985). How dynamics shift with changes in community structure
varies among ecosystems. For example, decomposition and nitrogen concentration both decreased in prairie litter
following remdval of microbial grazers, but both increased in forest litter, and decomposition increased without a '
change in nitrogen concentrations in meadow litter (Ingham et al. 1989, Coleman et al. 1990).' These patterns can
be explained based. on trophic interactions between decomposers and. their predators (Coleman et al. 1990). More
ecosystems need to be studied to determine if there are general patterns in responses.

Soil moisture appears to be the primary controlling factor for both plant and soil communities in the
Knowles Cafion hanging garden at present. Biotic interactions are expected to become more important in the wetter
habitats as succession proceeds. Changes in the central seep plant community will probably be driven by plant-plant
interactions (e.g., competition), and perhaps soil community -plant interactions (e.g, nﬁtrient flux) in the future, since
almost all available space has been colonized. The backwall habitat still has large bare areas, and soil moisture
levels are somewhat variable. Plaﬁt distribution may reflect the patchy nature of soil moisturg, variati‘on'i_n the soil »
community, differential survival and/or dispersal of propagules in this habitat, or some combination of these factors.
Soil moisture availability dominates both plant and soil communities in the dry habitats. The re-establishment of

hanging garden plants in these dry areas will depend on changes in the current distribution of soil moisture.




15

Literature Cited

Ahigren, I. F. 1974. The effect of fire on soil organisms. pages 47-72 in Kozlowski, T. T., and C. E.
Ahlgren (editors). Fire and ecosystems. Academic Press, New York.

Ahlgren, 1. F., and C. E. Ahlgren. 1965. Effects of prescribed burning on soil microorganisms in a Minnesota
jack pine forest. Ecology 46:304-310.

Bissett, J., and D. Parkinson. 1980. Long-term effects of fire on the composition and activity of the soil
microflora of a subalpine, coniferous forest. Canadian Journal of Botany 58:1704-1721.

Blair, J. M., R. W. Parmelee, and M. H. Beare. 1990. Decay rates, nitrogen fluxes, and decomposer
communities of single- and mixed-species foliar litter. Ecology 71:1976-1985.

Chapman, K., J. B. Whittaker, and O. W. Heal. 1988. Metabolic and faunal activity in litters of tree mixtures
compared with pure stands. Agriculture, Ecosystems and Environment 24:33-40.

Christensen, N. L., and C. H. Muller. 1975. Effects of fire on factors controlling plant growth in Adenostoma
chaparral. Ecological Monographs 45:29-55.

Clarholm, M. 1981. Protozoan grazing of bacteria in soil: impact and importance. Microbial Ecology 7:343-350.

Coleman, D. C., E. R, Ingham, H. W. Hunt, E. T. Elliott, C. P. P. Reid, and J. C Moore. 1990. Seasonal and

faunal effects on decomposition in semiarid prairie, meadow and lodgepole pine forest. Pedobiologia
34:207-219.

Daubenmire, R. 1959. A canopy-coverage method of vegetational analysis. Northwest Science
33:43-64.

Fritze, H., T. Pennanen, and J. Pietikdinen. 1993, Recovery of soil microbial biomass and activity from prescribed
burning. Canadian Journal of Forest Research 23:1286-1290.

Fritze, H., A. Smolander, T. Levula, V. Kitunen, and E. Milkénen. 1994. Wood-ash fertilization and fire
treatments in a Scots pine forest stand: effects on the organic layer, mlcroblal blomass and microbial
activity. Biology and Fertility of Soils 17:57-63.

Hironaka, M. 1985. Frequency Approaches to Monitor Rangeland Vegetation. pp. 84 - 86 in Syinposium: Use
of frequency and density for rangeland monitoring. Selected papers presented at 38th Annual Meeting
Society for Range Management, Salt Lake City, Utah. :

Ineson, P., M. A. Leonard, and J. M. Anderson. 1982. Effect of collembolan grazing upon nitrogen and cation
leaching from decomposing leaf litter. Soil Biology and Biochemistry 14:601-605.

Ingham, E. R., D. C. Coleman, and J. C. Moore. 1989. An analysis of food-web structure and function in a
shortgrass prairie, a mountain meadow, and a lodgepole pine forest. Biology and Fertility of Soils 8:29-37.

Ingham, R. E., J. A. Trofymow, E. R. Ingham, and D. C. Coleman. 1985. Interactions of bacteria, fungi, and
their nematode grazers: effects on nutrient cycling and plant growth. Ecological Monographs 55:1 19-140.



16

Insam, H., and K. H. Domsch. 1988. Relationship between soil organic carbon and microbial biomass on
chronosequences of reclamation sites. Microbial Ecology 15:177-188.

Insam, H., and K. Haselwandter. 1989. Metabolic quotiem of the soil microfiora in relation to plant succession.
Oecologia 79:174-178.

Larcher, W. 1980. Physiological ecology. Springer-Verlag, Berlin.

Malanson, G. P. 1980. Habitat and plant distributions in hanging gardens of the Narrows, Zion National Park,
Utah,

Malanson, G. P. and J. Kay. 1980. Flood frequency and the assemblage of dispersal types in hanging gardens of
the Narrows, Zion National Park, Utah. Great Basin Naturalist 40:365-371.

Meiklejohn, J.. 1955. The effect of bush burning on the microflora of a Kenya upland soil. Journal of Soil
Science 6:111-118. '

Miller, R. B., D. J. Stout, and K. E. Lee. 1955. Biological and chemical changes following scrub burning on a
New Zealand hill soil. New Zealand Journal of Science and Technology 37B:290-313.

Mosley, J. C., S. C. Bunting, and M. Hironaka. 1986. Determining range condition from frequency data in
mountain meadows of central Idaho. Journal of Range Management 39:561 - 565.

Mosley, J. C., S. C. Bunting, and M. Hironaka. 1989. Quadrat and sampling sizes for frequency sampling
mountain meadow vegetation. Great Basin Naturalist 49:241 - 248.

Nebeker, G. T., K. T. Harper, J. D. Brotherson, and S. L. Welsh. 1977. Characteristics of plants of common
occurrence in hanging gardens of the Colorado Plateau. unpublished manuscript, Brigham Young
University, Provo.

Oberle, M. 1969. Forest fires: suppression policy has its ecological drawbacks. Science 165:568-571.

Odum, E. 1989. Ecology and our endangered life-support systems. Sinauer Associates, Inc., Sunderland, MA.

Pietikdinen, J., and H. Fritze. 1993. Microbial biomass and activity in humus layer following burning: short term
effects.of two different fires. Canadian Journal of Forest Research 23:1275-1285.

Raison, R. J. 1979. Modification of the soil environment by vegetation fires, with particular reference to nitrogen
transformations: a review. Plant and Soil 51:73-108.

Raison, R. J., and J. W. McGarity. 1980. Effects of ash, heat, and the ash-heat interaction on biological activities
in two contrasting soils. I. Respiration rate. Plant and Soil 55:363-376.

Sakamoto, K., and Y. Oba. 1994. Effect of fungal to bacterial biomass ratio on the relationship between CO2
evolution and total soil microbial biomass. Biology and Fertility of Soils 17:39-44.

Setdld, H., M. Tyynismaa, E. Martikainen, and V. Huhta. 1991. Mineralization of C, N and P in relation to
decomposer community structure in coniferous forest soil. Pedobiologia 35:285-296.

Smith, D. S., S. C. Bunting, and M. Hironaka. 1987. Evaluation of the improvement in sensitivity of nested
frequency plots to vegetational change by summation. Great Basin Naturalist 47:299-307. '




17

A ‘West, N. E. 1985. Shortcomings of plant frequency-based methods for range condition and trend. pp. 101-104
in Symposium: Use of frequency and density for rangeland monitoring. Selected papers presented at 38th
Annual Meeting Society for Range Management, Salt Lake City, Utah.

Welsh, S. L. 1983. TITLE Unpublished report to Glen Canyon National Recreation Area, Page, AZ.

Welsh, S. L. and C. A. Toft. 1981. Biotic communities of hanging gardens in Southeastern Utah. National
Geographic Society Research Reports 13:663-681. ‘

Wright, E., and W. B. Bollen. 1961. Microflora of Douglas-fir forest soil. Ecology 42:825-828.



18

Table 1. ~ Cover classes with corresponding percent cover ranges and mid-points for each cover class,
modified from Daubenmire (1959).

Cover Class % cover range Mid-point of

class

1 <1% 0.5

2 1-5% 3.0

3 5-25% 15.0

4 25-50% 37.5

5 50-75% 62.5

6 75-95% ' 85

7 95-100% 97.5
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Table 2. Species observed in the burned portion of the Knowles Cafion hanging garden, 12-13 July 1993, and the
habitats in which they were growing.

Back  CentralEast West
wall seep Dry Dry
Adiantum capillus-veneris X X
Artemisia ludoviciana . X
Astragalus cf. zionis X
Brickellia longifolia x!
Bromus rubens X
Carex aurea
Cercis occidentalis X
Cirsium rydbergii
Conyza canadensis ‘
Eriogonum cernuum x?
Gnaphalium chilense X X
Juncus balticus X
Lobelia cardinalis X X
Mentzelia albicaulis X
Mimulus eastwoodiae X '
Muhlenbergia andina X
Panicum acuminatum X
Phragmites australis X
Polypogon monspeliensis X
Polypogon semiverticillata X
Quercus gambelii
Solidago sparsiflora X
Sonchus asper
Stephanomeria tenuifolia
Tamarix ramosissima
Unknown dicot seedling
Total number of species

Fa T T T -

M o M >
>
> »

X X X
X
4 18 7 9

— M M

'Shrub species not sampled in backwall transect, nor included in calculations of the completeness of sampling effort
in the backwall habitat.

*Species located along the lower edge of the area, encroaching from dry slopes, which were not considered to be
part of the plant community of the dry study areas.

*Shrub species found along interface of the dry habitats and backwall habitat. Included in species/area curve analyses
because they overhang dry habitats (C. occidentalis also occurs along the lower edge of dry habitats).



Table 3. Percent cover and frequency estimates of plants, and ground characteristics from 20 permanent plots-in each habitat
(see text for plot sizes in each habitat). Frequency can range between 0 and 400.

Species backwall backwall central central east dry east dry west dry west dry

cover freq cover freq cover freq cover freq

Rock 29.08 230 6.95 | 125 58.25 385 40.02 395

Litter 13.43 290 | 10.80 | 270 21.38 395 28.70 380

‘Bare ground 18.93 205 "21.45 175 33.58 310 42.58 385

Adiantum capillus-veneris 41.28 255 29.63 150

Artemisia ludoviciana 0.75 20

Brickellia longifolia 3.88 5

Bromus rubens 1.50 | 30

Carex aurea 3.55 80

Cercis occidentalis 0.02 15

Conyza canadensis 0.48 40

Gnaphalium chilense 0.18 35

Juncus arcticus*

Lobelia cardinalfs 0.33 55 0.15 0

Mentzelia albicaulis 0.15 0

Muhlenbergia andina 0.15 15 '

Panicum acuminatum 0.15 20 2.02 25 0.15 0

Polypogon semiverticillata 0.351 45 28.20 | 280

Tamarix ramosissima 4.88 0

Unknown ({icot seedling 0.05 10

Total vegetation cover 42.16 70.08 578 0.15

*Juncus arcticus was present in the west dry area, but did not occur in any study plots.



Table 4. Canopy diameters, and estimated canopy cover of Cercis occidentalis
measured 13 July 1993 at the burned Knowles Canyon hanging garden.

TREE # DIAM1 DIAM2 AVE D COVER (m?)
WD #1 4.2 39 4.05 12.88
WD #2 2.7 2.1 24 4.52
WD #3 29 20 245 471
WD #4 3.5 3.0 325 8.30
WD #9 32 24 28  6.16
WD #15 , 4.7 32 395 12.25
WD #17 20 1.2 1.6 2.01
WD #18 3.0 27 2.85 6.38
WD #19 23 22 225 3.98
ED #1 0.9 0.8 0.85 0.57
ED #2 26 1.8 2.2 3.80
ED #3 1.8 1.6 1.7 2.27
ED #4 1.9 1.8 1.85 2.69
ED #5 3.1 24 275  5.94
ED #6 1.0 0.8 0.9 0.64
ED #7 09 0.8 0.85 0.57
ED #10 4.1 1.8 295 6.83

Total cover Average cover per shrub
West  61.2m? © 6.8 + 3.71ni?

East 23.2m’ 2.9 + 2.45m’



Table 5. Results of soil community analysis for each soil sample in all habitats. Soil moisture is reported as
g H,O g dry soil, fungal and bacterial biomass estimates are reported as ug g' dry soil, and nematodes are
reported as # 25g! dry soil.

ACTIVE TOTAL ACTIVE FUNG/ TOTAL NEMATODE
DRY WT SOIL  SAMPLE FUNGAL FUNGAL BACTER BACT NO. FUNGI- BACTI- ROOT
SITE SAMPLE Ig WET' H,O MOIST? MASS _MASS MASS RATIO® NEMAT VORES VORES FEEDERS
Backwall 1 0.81 0.24 wet 0.67 37.67 6.42 0.104 224 83 9.7 4.2
2 0.94 0.06 dry 0.25 46.54 1.94 0.129 202 1.2 18.8 0.0
3 0.92 0.08 wet 0.00 2442  1.84 0 00 00 - 00 0.0
4 0.87 0.15 wet 4.96 17.86  4.10 1.210 6.9 3.5 3.5 0.0
" Central 1 0.64 0.56 wet 12.32 7429 2.32 5310 1263 35 - 35 29.2
2 0.62 0.61 wet 18.30 132.41 1.91 9.581 0.0 0.0 0.0 0.0
3 0.68 0.48 wet 31.14 29574 6.29 4.951 4.4 1.5 0.0 1.5
4 0.50 1.02 wet 64.86  1591.99 6.52 9.948 6.1 0.0 0.0 3.0
East dry 1 0.96 0.05*  dry* = 0.32 1.21  0.06 5.333 0.0 0.0 0.0 0.0
2 0.91 0.10 - wet 0.00 191 0.13 0 7.7 0.0 7.0 0.0
3 0.98 0.02* dry* 0.00 0.59 0.00 - el 0.0 0.0 0.0 0.0
4 0.97 0.03 wet 4.30 11220 0.31 13.871 4.1 3.0 1.0 0.0
5 0.93 0.07*  dry* 0.00 0.00 0.05 0 0.0 0.0 0.0 0.0
6 0.86 0.16 wet 14.61 66.59 2.47 5.915 1.2 0.0 1.0 0.0
West dry 1 0.99 0.01 dry 0.00 0.00 0.04 0 0.0 0.0 0.0 0.0
2 0.92  0.09 wet® 0.76 330 0.32 2.375 0.0 0.0 0.0 0.0
3 0.98 0.03* wet’ 0.14 133 039 0359 2.0 0.0 2.0 0.0
4 0.99 0.01 dry 0.00 2.63  0.04 0 0.0 0.0 0.0 0:0
5 1.00 0.00 dry 0.00 0.46  0.00 el 0.0 0.0 0.0 0.0
6

0.99 0.01 dry 0.00 1.63 0.00 & 0.0 0.0 0.0 - 0.0

'DRY WT lg WET: the dry weight of 1 g of wet soil.

:SAMPLE MOIST: indicates whether soil sample was dry or moist when collected.
SEUNG/BACT RATIO: Ratio of active fungal biomass to active bacierial biomass
“Samples got wet in transit, soil water shown does not‘represcm field moisture content. -

No bacteria detected in these samples, thus fungal to bacterial biomass ratios could not be calculated.



Table 6. Summary of soil community parameters in each habitat, units are the same as in Table 5.

23

Backwall Backwall Central Seep Central Seep East Dry East Dryv West Dry West Dry
Mean + s.d. | Range Mean + s.d. Range Mean + s.d. Range Mean + s.d. Range
Soil moisture (g || 0.13 £ 0.08 | 0.06 t0 0.24. 0.67 + 0.24 0.48 t0 1.02 0.097 + 0.065* 0.03 10 0.10* | 0.008 +0.005%| 0100.01°
g dry soil) ' ' '
Active fungal 1.5 +2.34 0 to 4.96 31.76 + 23.49 | 12.3 10 64.9 32 +5.84 0to '14.6 0.15.1 0.304 | 0t00.76
biomass
Total fungal 31.6 + 12.92| 17.9 10 46.54 523.6 + 718.40| 74.29 t0 1592 | 30.4 + 47.91 0to112.2 1.6 + 1.26 0t03.3
biomass
Active bacterial || 3.6 + 2.16 1.84 t0 6.42 4.3 + 2.48 0.91t0 6.52 0.50 + 0.97 0 t0-2.47 0.13 + 0.18 010 0.39
biomass .
Fungal/Bacteria [| 0.36 + 0.569 | 0 to 1.21 7.45 + 2.684 | 4.95109.95 5.02 + 5.693 01t013.87¢ | 0.68 +1.14 0 to 2.38 ¢
1 biomass ' . '
Total nematode {| 12.4 + 10.72 | 0 to 22.2 342 + 6145 ] 0t0126.3 2.17 + 3.14 0t 7.7 0.33 4+ 0.82 0t 2.0
numbers |

$+One east dry sample, and two west dry samples had no bacteria in them, thus fungal:bacterial biomass ratios could not be calculated.

*Mean calculated from three uncontaminated samples, all were moist when collected. Three samples that were dry when collected got wet during transport, these samples

were not used in soil moisture calculations.

%Mean calculated from four uncontaminated samples, all were dry when collected. Two samples that were moist when collected got wet during transport, these samples

were not used in soil moisture calculations.
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Figure 1. Schematic drawing of the Knowles Cafion hanging garden, showing approximate positions of vegetation, photo
points, patches of vegetation, trees, and large boulders. Ceoc = Cercis occidentalis, Quga = Quercus gambelii, Agse =
Agrostis semiverticellata, Adca = Adiandum capillare-veneris, Atlu = Artemisia ludoviciana Ciry = Cirsium rydbergii, Juar
= Juncus arcticus, Brlo = Brickellia longfolia, Tara = Tamarix ramosissima, Phauw = Phragmites australis.

Figure 2. Schematic drawing of Knowles Canyon hanging garden showing locations of vegetation sampling plots in the dry
habitats. and along the backwall. The lower left corner of plots within quadrats indicated by "x." Vegetation plots in the
central seep area were placed along the four transect lines shown in the figure. Soil sample locations are indicated by "3s"
in the figure.

Figure 3. Schematic of plot frame used to estimate cover and record nested frequency data.

Figure 4. Cumulative number of species present in 20 sample plots in each area. East and West areas were sampled with
a 0.25m’ plot frame for a total of Sm? (2.5% of each dry area). The central seep habitat was sampled with 0.1m? plots (2m?,
5% of area). The backwall habitat was sampled with a 0.05m? plot frame (1m’, 5% of the area sampled). Percent of total
number of species rooted in each habitat that were recorded in sample plots are indicated for each curve. .No plants were
rooted in the West dry habitat, so no percent could be calculated. One plot had one species hanging over it, and is shown in
the curve for this habitat.

Figure 5a and 5b. Active fungal biomass plotted against soil moisture for samples collected from each of the four habitats.
The regression line is for all data pooled across habitats, but does not include the data from samples that got wet in transit.

Figure 6a and 6b. Total fungal biomass plotted against soil moisture for samples from all habitats. All data were pooled for
regression analysis except data from accidentally wetted samples.

Figure 7a and 7b. Bacterial biomass from soil samples in all habitats plotted against soil moisture. Regression was done with
all data pooled across habitats, but contaminated samples were excluded.

Figure 8a and 8b. Fungal biomass vs. bacterial biomass
Figure 9a and 9b. Active fungal biomass/active bacterial biomass ratios vs. soil moisture.

Figure 10a and 10b. Total nematode numbers in soil samples, plotted against soil moisture, for all four habitats. Regression
analysis was not significant for data pooled across habitats.



Sandstone
boulders

Adiantum
and Polypogon

Cercis

Quercus

Phragmites

Juncus

O

Brickellia Artemisia

"
Tamarix Drip line
trench




Active bacterial biomass (Hg 9'1 of dry soil)

of dry soil)

-1

Active bacterial biomass (ug g

Backwall site
y = 0.0808 + 26.4x
R?=97.8%, P =0.0073.

0.10

T
0.15

I
0.20

0.25

©c o o o o
- N w A~ o
1 | ! L

o
[
|

West Dry site
R? = 43.5%, P =0.0925

l
0.0

T
0 0.02

l
0.04

T
0.06

0.08

|
0.10

Water (g) associated with 1g dry soil

7
®
6 ®
5 ]
4 |
3 ]
® Central Seep site
2 - ® R?=0, P=0.5777
1 I l I 1 I i
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
3
East Dry site o
2 — y =-0.604 + 15.4x
R?=59.9%, P =0.0438
1 1
0 o
-1 I I — —
0.00 0.03 0.06 0.09 0.12 0.15 0.18

Water (g) associated with 1g dry soil



70

60

w H (8
o o o

N
Q

Active fungal biomass (ug g™ dry soil)

10 -

Backwall soil samples
Central seep soil samples
East dry soil samples
West dry soil samples

Oo0o0$

y =-0.667 + 4.72x, R*=44.4%, P =0.0008.

&

m

JAVA
= [ NV ] [
2

3 4

Active bacterial biomass (ug g™ dry soil)




