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Abstract In this study we examined the effect on soil
fungal:bacterial biomass ratios of withholding fertiliser,
lime, and sheep-grazing from reseeded upland grassland.
The cessation of fertiliser applications on limed and grazed
grassland resulted in a reduction in soil pH from 5.4 to
5.1. The cessation of fertiliser applications and liming on
grazed grassland resulted in a fall in pH from 5.4 to 4.7,
whereas withholding fertiliser and lime and the removal of
grazing resulted in a further reduction to pH 4.5. Sub-
strate-induced respiration was reduced in the unfertilised
grazed (21%; P<0.01) and unfertilised ungrazed (36%;
P<0.001) treatments. Bacterial substrate-induced respira-
tion and bacterial fatty acids were unaffected by the treat-
ments. The relative abundance of the fungal fatty acid
18:2w6 increased by 39 and 72% (P<0.05) in the limed
grazed and unfertilised grazed treatments, respectively.
Fungal substrate-induced respiration increased in the limed
grazed (18%) and unfertilised grazed (65%; P<0.05) treat-
ments. The ratio of 18:2m6: bacterial fatty acids was corre-
lated with the ratio of fungal:bacterial substrate-induced
respiration (r=0.69; P<0.001).
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Introduction

In a recent study of a sheep-grazed upland grassland,
Bardgett and Leemans (1995) showed that withholding
management inputs, such as fertilisers, liming, and graz-
ing, resulted in significant reductions in both total micro-
bial biomass and activity in the surface soil. The soil mi-
crobial biomass is largely composed of fungi and bacteria,
and it is likely that quantitatively they both respond to
such management perturbations in different ways. An indi-
cation of this was provided in a study by Bardgett et al.
(1993), which showed that reductions in management in-
tensity and the short-term cessation of sheep-grazing re-
sulted in increases in total fungal hyphal length (live and
dead) in the surface soil.

One objective of the present study was to observe the
effect on the fungal:bacterial biomass ratio of changes in
upland grassland management that resulted in increases in
soil acidity. In particular, this study was designed to test
the hypothesis that a reduction in soil pH results in an in-
crease in the relative abundance of fungi concomitant with
the reduced microbial biomass observed by Bardgett and
Leemans (1995). Another objective was to compare two
methods of estimating fungal:bacterial biomass ratios in
soil.

Materials and methods

Details of the study site, located at Bronydd Mawr, Wales (370—
390 m altitude) are given by Bardgett and Leemans (1995). Briefly,
the grassland site was reseeded with Lolium perenne in 1966-1967
and limed (5 t ha ") in 1984. Since then it has received moderate in-
puts of NPK fertiliser (50 kg N, 25 kg P, 25 kg K ha™' an™). The
soil is a typical brown earth (Milford series) over Devonian sand-
stone. Four grassland treatments in a randomized complete block de-
sign with three replicates were studied: (1) CaNPK, grazed, fertilised
(150 kg N, 25kg P, 50 kg Pha”' year") and limed (5tha™ in
1990); (2) no fertiliser, but limed; (3) no inputs; (4) no inputs and un-
grazed. Treatments 1, 2, and 3 were grazed by sheep to a sward
height of 4 cm. Treatments 14 are referred to as limed NPK grazed,
limed grazed, unfertilised grazed and unfertilised ungrazed, respec-
tively. The limed grazed treatment resulted in a reduction in soil pH
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from 5.4 (pH of limed NPK grazed) to 5.1, the unfertilised grazed to
4.7, whereas the unfertilised ungrazed treatment resulted in a further
reduction to pH 4.5.

Soils for phospholipid fatty acid analysis were sampled on 4 Feb-
ruary 1994 by taking 10 random 3.3-cm diameter cores (15 cm deep)
from each treatment replicate plot. To measure substrate-induced re-
spiration and fungal:bacterial ratios, the soils were sampled as above
on 8 July 1994. Soil cores from each treatment were bulked and
sieved (<6 mmy), the roots were removed by hand-sorting, and the
fine material was analysed immediately.

Lipids were extracted from soil using the procedure described by
Frostegard et al. (1991), based on the method of Bligh and Dyer
(1959). Extracted fatty acid methyl-esters were analysed on a Hew-
lett-Packard 5890 II gas chromatograph equipped with a 5972A mass
selective detector (MSD II). Separation of the fatty acid methyl-esters
was performed on a 30-m db-225 column with an intemal diameter
of 0.25 mm, a 0.25-pm bonded film of methyl phenyl cyanopropyl si-
licone (J&W Scientific, Folsom, Calif.), and a flow rate of 0.74 ml
min~". A mass flow controller was used to offset the effect of increas-
ing pressure resistance with increasing gas chromatography column
temperature to reduce peak broadening. An Optic temperature program-
mable injector (Analytical Instruments, Cambridge) was operated as
follows: 50°C, increased to 230°C for 1 min at a rate of 16°C s~ with
the gas chromatography—mass spectrometry interface at 280°C. The gas
chromatography was set initially at a temperature of 80°C, and was
then increased to 180°C at 20°C min’l, and to 220°C at 3°C min™.
The mass spectrometer operated from 50 to 350 mass units every 0.2 s.

The relative abundance of individual fatty acid methyl-esters was
expressed as the proportion (mol%) of the sum of all fatty acids.
Fatty acid nomenclature was used as described by Frostegard et al.
(1993). The fatty acids i115:0, al5:0, 15:0, i16:0, 17:0, i17:0, cy17:0,
18:1w7, and cy19:0, were chosen to represent bacterial phospholipid
fatty acids (Federle 1986; Frostegard et al. 1993) and 18:2w6 was
used as an indicator of fungal biomass (Federle 1986). The ratio of
18:206:bactPLFAs was taken to represent the ratio of fungal:bacterial
biomass in soil (Frostegird and Badth 1995).

Substrate-induced respiration was assayed using the methodology
of West and Sparling (1986), except that the rate of glucose amend-
ment was 20 mg mI (minimum required for maximal soil respira-
tory activity). Fungal:bacterial ratios were determined by the selective
respiratory inhibition method of Anderson and Domsch (1975) with
modifications suggested by West (1986), except that the rates of
amendment (mg ml™") were 20 glucose, 60 streptomycin sulphate,
and 40 cyclohexamide. Concentrations of the inhibitors were opti-
mized for maximum selective respiratory inhibition. For both total
substrate-induced respiration and antibiotic-inhibited substrate-induced
respiration, rates of CO, evolution were measured at 30 and 150 min
using an Infra Red Gas Analyzer (Analytical Development Co Ltd,
Series 225, MK3). Inhibition of substrate-induced respiration by
streptomycin sulphate was taken to represent the metabolically active
bacterial biomass of the soil, whereas inhibition by cyclohexamide
was taken as related to the metabolically active fungal biomass. Fun-
gal and bacterial substrate-induced respiration are expressed as per-
centages of total substrate-induced respiration and as the ratio of fun-
gal:bacterial substrate-induced respiration.

Table 1 Effects of cessation of fertilizer inputs, liming, and grazing
on the relative abundance of bacterial phospholipid fatty acids
{(bactPLFAs), the fungal PLFA 18:206, the ratio 18:2w6:bactPLFAs,
total substrate-induced respiration (SIR), fungal and bacterial SIR, the
ratio fungal:bacterial SIR, and soil pH in differently managed upland

Results

The results of the fatty acid and substrate-induced respira-
tion analyses are shown in Table 1. The relative abun-
dance of the fungal fatty acid 18:206 increased by 39 and
72% (P<0.05) in the limed grazed and unfertilised grazed
treatments, respectively. However, the unfertilised un-
grazed treatment had no effect on the fatty acid 18:2w6.
The relative abundance of bacterial fatty acids was unaf-
fected by the treatments. The ratio of 18:2w6 bacterial
fatty acids increased by 83% (P<0.05) in the unfertilised
grazed treatment. The limed grazed treatment also resulted
in an increase in the ratio of 18:2w6 bacterial fatty acids,
but this effect was not significant. The ratio was unaf-
fected by the unfertilised ungrazed treatment.

The cessation of fertiliser applications and liming, with
and without grazing, resulted in a significant reduction in
total substrate-induced respiration. In the unfertilised
grazed treatment, total substrate-induced respiration was
reduced by 21% (P<0.01), whereas in the unfertilised un-
grazed treatment total substrate-induced respiration was re-
duced by 36% (P<0.001). The limed grazed treatment had
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Fig. 1 Relationship between the ratio of fungal:bacterial substrate-
induced respiration (SIR) and the ratio of 18:2w6 bacterial phospholi-
pid fatty acids (bactPLFAs) in differently managed upland grassland
soils n=12, r=0.69; P<0.001)

grassland soils (Nil no fertiliser or lime) Significant treatment differ-
ences were detected using analysis of variance (Genstat) and Stu-
dent’s stest: * P<(.05, ** P<0.01, *** P<(.001, versus fertilised limed
and grazed

Treatment BactPLFAs Fungal PLFA  Ratiol8:2w6:  Total SIR Fungal SIR Bacterial SIR  Ratio fungal:  Soil pH
(% total) (18:2w6) bactPLFAs (ul CO,C (% total) (% total) bacterial SIR
(% total) g“1 hh
CaNPK, grazed 43.32+2.78 2.62+0.59 0.06 17.69x1.41 19.98+5.43 40.52+3.34 0.49 5.4
Ca, grazed 42.26+1.13 3.65+0.53 0.09 16.66+0.38 23.60+3.95 44.93+5.57 0.52 52
Nil, grazed 40.60+0.50 4.51+1.38* 0.11#* 13.98+0.79 ** 32.92+3.95 42.73+0.66 0.77 ** 4.7
Nil, ungrazed 42.53+3.60 2.46+0.40 0.06 11.37£040%*%*  17.64+11.38  38.81+6.23 0.43 4.5




no effect on total substrate-induced respiration. Fungal
substrate-induced respiration (% of total) significantly
(P<0.05) increased in the unfertilised grazed treatment, but
was unaffected by the other treatments (limed grazed and
unfertilised ungrazed). Bacterial substrate-induced respira-
tion (% of total) was unaffected by the treatments. The ra-
tio of fungal:bacterial substrate-induced respiration in-
creased by 47% (P<0.01) in the unfertilised grazed, but
was unaffected by the other treatments. Figure 1 shows
that the ratio of 18:2w6 bacterial fatty acids was signifi-
cantly correlated with the ratio of fungal:bacterial sub-
strate-induced respiration (n=12, r=0.69; P<0.01).

Discussion

In agreement with findings reported by Bardgett and Lee-
mans (1995), this study shows that the microbial biomass,
measured as total substrate-induced respiration, was signi-
ficantly reduced following the removal of fertiliser applica-
tions and liming with and without sheep-grazing, while the
removal of fertiliser applications from limed and sheep-
grazed grassland had no significant effect on the total mi-
crobial biomass. These reductions are likely to have been
due in part to reductions in soil pH in these treatments,
since several studies have shown that low microbial bio-
mass values are associated with acid soils (Anderson and
Domsch 1993).

The relative abundance of soil bacteria, measured as
bacterial substrate-induced respiration and bacterial fatty
acids were unaffected by any of the treatments. In con-
trast, the relative abundance of soil fungi, measured as the
fungal fatty acid 18:2w6 and fungal substrate-induced re-
spiration, increasesd in the limed grazed and unfertilised
grazed treatments. These changes were also reflected in an
increase in the ratio of 18:2w6: bacterial fatty acids and
fungal:bacterial substrate-induced respiration in both the
limed grazed and unfertilised grazed treatments, suggest-
ing that the proportion of fungi relative to bacteria in-
creases as management becomes less intensive (particu-
larly after the cessation of fertiliser and lime) on grazed
upland grassland. These findings appear to be in agree-
ment with those by Bardgett et al. (1993), who showed
that reductions in management intensity increased soil
acidity, and resulted in an increase in the total fungal hy-
phal length (live and dead) in the surface soil.

However, withholding fertiliser, lime and sheep-graz-
ing, which resulted in a large reduction in soil pH, had no
effect on the relative abundance of fungi, measured either
as fungal substrate-induced respiration or as fungal phos-
pholipid fatty acids, or the ratios of fungal:bacterial bio-
mass. This probably suggests that the increase in total hy-
phal abundance (using the membrane-filtration technique)
observed by Bardgett et al. (1993), following the removal
of sheep-grazing, may be a result of lower decomposition
rates of dead fungal mycelium in the more acidic ungrazed
grasslands. Since the phospholipid component of cell
membranes are supposed to disappear rapidly after cell
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death (Tunlid et al. 1985) the method used in this study
would not have detected such an accumulation of dead
fungal hyphae. The selective inhibition technique is
furthermore likely to assess only the active component of
the soil microflora (Wardle et al. 1994).

Since the unfertilised ungrazed treatment was the most
acidic (pH 4.5), these findings refute the original hypoth-
esis that increases in the proportion of fungi relative to
bacteria are related to reductions in soil pH. This supports
the findings of Anderson and Domsch (1975), who re-
ported that changes in ratios of fungal:bacterial biomass
were not related to soil pH, and suggests that some other
factor was responsible for the changes in microbial com-
munity structure observed in the limed grazed and unferti-
lised grazed treatments of the present study, and in other
studies of acid soils (Frostegard and Béith 1995). The
finding that changes in grassland management alter micro-
bial community structure in favour of soil fungi only
when sheep-grazing is maintained might suggest that the
input of animal faeces to soil may have an important role
in encouraging the growth of fungi in such acid soils.
Therefore, in the grazed grassland the increase in the pro-
portion of fungi relative to bacteria may have been partly
due to the presence of coprophilous species on sheep
dung, absent in the ungrazed treatment.

It was recently reported that ratios of fungal:bacterial
fatty acids can be used as an index of the relative abun-
dance of fungi and bacteria in soils (Federle 1986; Froste-
gird and Badth 1995). The finding that the ratio of
18:206 bacterial fatty acids was significantly correlated
with the ratio of fungal:bacterial substrate-induced respira-
tion in these differently managed upland grassland soils
further supports the use of these two measurements to esti-
mate fungal:bacterial biomass ratios in soils. However,
neither of the measurements give absolute values for bio-
mass ratios since there are no conversion factors for phos-
pholipid fatty acids or the inhibition of substrate-induced
respiration. Therefore, changes in the ratio can only be
used to indicate shifts in community structure.
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