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Abstract Microbial biomass and N, P, K, and Mg flushes
were estimated in spring, summer, autumn, and winter
samples of different forest soils, The microbial biomass
showsed significant seasonal fluctuations with an average
distribution of 880£270pgCeg™' soil in spring,
787+356 ug C 2" soil in winter, 589+295 ug C g~ ! soil
in summer, and 560+318 pgC g’l soil in autumn. The
average annual concentrations of C, N, P, K, and Ca in
the microbial biomass were 704, 106, 82, 69 and
10 ug g~ ' s0il, respectively. Microbial C represented be-
tween (1.5 and 2% of the organic soil C whereas the per-
centage of microbial N with respect to the total soil N was
two- to threefold higher than that of C; the annual fluc-
tuations in these percentages followed a similar trend to
that of the microbial biomass, Microbial biomass was
positively correlated with soil pH, moisture, organic C,
and total N. The mean nutricnt flush was 31, 15, 7, and
4pgeg ! soil for N, K, P, and Mg, respectively, and ex-
cept for K, the seasonal distribution was autumn = spring
» winter >=summer. The average increase in available nu-
trients due to the mineralization of dead microbial cells
was 240% for N, and 30, 26, and 14% for P, K, and Mg,
respectively. There was a posifive relationship beiween
microbial biomass and the N, P, K, and Mg [lushes. All
the variables studied were significantly affected by the
season, the type of soil, and the interaction between type
of soil and season, but soil type often explained most of
the variance.
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Introduction

Numerous studies on the measurement of microbial C, N,
and P in different natural and disturbed ecosystems have
shown that the soil microbial biomass contains important
labile pools of C and mineral nutrients (Anderson and
Domsch 1980; Smith and Paul 1990; von Litzow et al.
1992; Wardle 1992; Dfaz-Ravifia et al. 1993a, b), which
are liberated after the death of microorganisms. Changes
in the microbial population in response to variations in
soil conditions (moisture, C, nutrients, temperature, pH)
have important implications for nutrient ¢ycling, with mi-
croorganisms acting as a source and sink for nutrient ele-
ments, Seasons influence microbial numbers (Diaz-
Ravifia et al. 1993¢) and mass (Granatstein et al. 1987;
Lynch and Panting 1980) either directly, by inducing mi-
crobial responses to soil changes, or indirectly, by infln-
encing plant metabolism. However, information on the
fluctuations in microbial biomass within the annual cycle
is scarce and most estimates have been made for agricul-
tural soils with some authors finding large annual fluctu-
ations in the microbial biomass (Iynch and Panting 1980;
Ross et al. 1981) while others observed only small annual
changes (Schniirer et al. 1986; Patra et al. 1990),

The aim of the present research was to study seasonal
fluctuations in the microbial biomass and its contribution
to available nutrient concentrations in five forest soils.
The flushes of N, P, K, and Mg after 10 days of incuba-
tion foliowing chloroform fumigation was used to deter-
mine this contribution. The relative importance of the
type of soil and season on the microbial biomass and nu-
trient flushes was estimated.



Materials and methods

Area and soils studied

Four pinewoods of 30- to 40-years-0ld Pinus pinaster Scl. (RGR 1,
RGR 2, HCBS, and FC) and one oakwood of 100- to 130-years-old
Quercus robur L. (HCAS) located in Galicia (NW Spain) were used
for this study. The average air temperature and annual precipitation
were, respectively, from 6.7 to 13.8°C and 1799 mm for RGRI,
from 4.9 to 17.4°C and 1424 mm for RGR2, from 54 to 16.0°C
and 1227 mm for HCAS, fiom 6.2 to 18.5°C and 1169 mm for
HCBS, and from 7.8 to 16.9°C and 1264 mm for FC. The climate
is temperate humid, the highest temperature being reached in sum-
mer (July—August) aind the lowest in winter (December — February);
around 38, 28, 24, and 10% of the rainfall occurred in winter,
spring, autumn, and summer, respectively. The soils, classified as
Rankers (RGR1 and RGR2), Humic Cambisols {HCAS and
HCRS), and Ferralic Cambisol (FC), were developed over different
kinds of parent material (granite, granite, acid schist, basic schist,
and gabbro, respectively). The pH was acid, the organic C and total
N content medium to high, and the C: N ratio relatively low. Ca was
the most abundant available nutrient, followed by K, Na, Mg, and
P, inorganic N being the least abundant (Table 1}.

The soils were studied in spring, summer, autumn, and winter.
For each sampling, after removing the litter layer, 30— 30 soil sub-
samples of about 100 g cach were collected randomly from the top
15 cm of the A horizon and were mixed to obtain a composite sam-
ple. Sampling and sample manipulation were performed aseptically
and without the samples drving or heating. The soils were sieved
and the fraction <2 mm was used for all analyses.

Microbial biomass

The procedure used to determine microbial biomass C was that of
Jenkinson and Powlson (1976) with some minor modifications
(Diaz-Ravina et al. 1993b). Three out of six 50-g replicates of each
soil were fumigated with purified CHCI, for 24 h and then re-inoc-
ulated with 1 g of the corresponding fresh soil. The six fumigated
and unfumigated samples were then brought to 60% water-holding
capacity and incubated for 10 days at 25°C in a water bath. The
CQ,-C released was determined by evacuating it with a stream of
moist CO,-free air that was then bubbled through a NaOH solu-
tion of knmown strength which was subsequently titrated against
HCI. Microbial biomass C was calculaied as £70.45, where F is the
flush of CO,-C defined as the CO, evolved by the fumigated soil
during the 10 days of incubation minus the CO, cvolved by the
corresponding non-fumigated control soil in the same period. The
N, P, K, and Ca contents of the microbial biomass were estimated
using the factors provided by Anderson and Domsch (1980) for
conversion of biomass C into biomass mineral content: N:C =
0.15, P: C =0.116, K: C = 0.098, and Ca:C = 0.014.

Nutrient flush

Inorganic N and the available P, K, and Mg content of the soils were
estimated after incubating the fumigated and unfumigated samples.
The nutrient flush, which was calculated as the difference between
the available nutrient contents in the fumigated and the umn-
fumigated samples, was used to measure the contribution by the
microbial biomass to the concentration of the plant-available nutri-
ents. Organic C, total N, and available nufrient measurements were
carried out as described by Diaz-Ravifia et al. (1993b, c). Organic
C was determined by combustion and measurement of CO, in a
Carmhograph 12 (Wosthoff OHG, Bochum, Germany) and total N
by Kjeldahl digestion and steam distillation. Inorganic N
(NH} -N+NQ; -N+NO; -N) was estimated in 2 N KCl extracts, la-
bile P in 0.5 M NaHCOQ; extracts, and available K and Mg in 0.5 &

Table 1 Main characteristics of the soils. Means of samples taken in spring, summer, autumn and winter. Ranges of values for the four seasons are given in parentheses
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acetic acid extracts. Inorganic N was determined by steam distilla-
tion in a Biichi 432 in the preseice of H3;BO; and Na,B.,0,-7H,0
(1:5 w/w) buffer reagent adding Devarda’s alloy. P was estimated
colorimetrically measuring the absorption at 882 nm, K by emission
spectroscopy, and Mg by atomic absorption spectroscopy.

All results were obtained by triplicate determinations, and are
expressed on the basis of oven-dry (105 °C) weight of soil (dry soil).
To reveal the variations in soil samples taken in different seasons,
the values for nutrient flush (Xif) were reduced to the standardized
variables Zij = (Xij—.X)/SD, where Xij is the value for soil i in sea-
son J, and X and SD are the mean and the standard deviation, re-
spectively, for all the samples. The data were processed by a stan-
dard analysis of variance and, in cases of a significant F statistic,
Tukey’s minimum significant difference test was used to separate
the means. The percentage of data variation attributable to the type
of so0il and season was calculated using a {wo-way analysis of vari-
ance,

Results and discussion
Microbial biomass

Microbial biomass C in the soils ranged from 282 to
1275 g C g~ ! soil (Fig. 1) and microbial N from 42 to
191 pgN g ! soil (Table2). Microbial biomass C repre-
sented between 0.5 and 2% of the organic soil C but mi-
crobial N as a percentage of total soil N was two- to three-
fold higher, ranging from 1.5 to 4.5% (Fig. 2). Quantitics
of P, K, and Ca in the microbial biomass ranged from 33
to 148 pg g ! soil, from 28 to 125 pg g~ " soil, and from
4 to 18 ng g~! soil, respectively (Table 2), The levels of C
and nutrients in the microbial biomass fell within the
range given for other forest ecosystems (Smith and Paul
1990; von Litzow et al. 1992). The microbial C seasonal
change was similar in all the soils (Fig. t); there were two
maxima, one in spring (mean 880 pg C g ! soil) and an-
other in winter {(mean 787 pg C g~ soil), with summer
(mean 3589pugCg™! soil) and autumn (mean
560 ug C g~ ! soil) values being significantly (P=0.001)
lower. The annual percentage distribution of the microbi-
al biomass was 31, 28, 21, and 20% for spring, winter,
summer, and autumn, respectively. In a spruce forest soil,
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spring summer autumn winter

Fig.1 Seasonal variation in the microbial population biomass.
RGR 1 RGR2 Rankers, HCAS HCBS Humic Cambiscls, FC Fer-

ralic Cambisol; minimum significant difference (P=0.05) shown as
bars at all sampling times

Table?2 Carbon and nutrients in the microbial biomass
{ng 2~ !soil). Values are means+SD
Soil Season C N P K Ca
RGR1 Spring 1275+47 191x7 148x6 1255 18%1
Summer 108713 1632 1262 10712 15+0
Autumn 107248 161 +7 124+5 105+4 15+1
Winter 1189+40 17816 1384 116+4 17+1
RGR2 Spring 793+58 119+9 92+7 78+6 1140
Summer 423 +27 63+4 49+3 41+3 60
Autumn  282+32 42+5 33+4 28+3 4+1
Winter 391 +46 59+7 45+3 38+4 5+1
HCAS Spring 555+32  83+5 644 54413 81
Summer 452+33 68+5 32+4 4413 60
Auvtumn 387353 588 45x6 38+5 5+1
Winter 464 +£27  70+4  54+3 4543 60
HCBS Spring  782+358 11749 9148 77+7 11+1
Summer 363+ 38 54+6 42+4 35+4 5+1
Autumn  399+47 60+7 46+5 39+4 5+1
Winter 813+59 122+9 94+8 80£7 11x0
FC Spring 994+33  149x5 115+£4 97+3 14+1
Summer 620359  93+9 7219 61%7 941
Autumn 658 +46  99+7 T6+6  64+5 9+1
Winter 1078+60 16219 12547 106+6 15=+1

von Lutzow et al. (1992} recorded the highest biomass N
values in autumn and spring and the Iowest in summer.
Ding Ming Mao et al. (1992) found seasonal fluctuations
in the collective microbial biomass in tropical forest soils
and Saderstrom (1979) reported fluctuations in the fungal
biomass in a Swedish podzolized pine-forest soil. In agri-
cultural soils, several authors (Lvnch and Panting 1980;
Ross et al. 1981; Granatstein et al. 1987; Van Gestel et al.
1992) observed clear annual variations in the microbial
biomass in different soils, while Schnurer et al. (1986),
Patra et al. (1990), and Wheatley et al. (1990) found no
significant temporal changes. In the present study, the
highest microbial hiomass level was generally found in the
pinewood soil RGR 1, followed by FC, HCBS, RGR2,
and HCAS.

The variation in microbial biomass values in the pre-
sent study was largely explained by the type of soil and
the time of vear. Type of soil which explained 71 % of the
variance (Table 3), season accounted for 18%, and the in-
teraction between season and soil type explained a further
&%, Among the soil characteristics analyzed (Table 1),
pH (r=0.82, P<0.001, n = 16; soil RGR 1 excluded), or-
ganicC (r=0.82, P<0.001, n=20), totalN (r=0.79,
P=0.001, n=20), and moisture content (r~= 0.78§,
P=0.001, n = 20) were significantly and positively related
to microbial biomass. Similar relationships between most
of these properties and the microbial biomass have been
observed by other authors in several forest {Diaz-Ravifia
et al. 1988) and cultivated (Ross ¢t al, 1980; Van Gestel et
al. 1992) soils. The effect of pH and moisture on the mi-
crobial biomass in the present study was similar to that re-
ported for both microbial density and activity in forest
soils (Diaz-Ravifia et al. 1993 c); nevertheless, while mi-
crobial numbers were related to organic matter quality
(C: N ratio) and available Ca and Mg contents, the micro-
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Fig.2 Seasonal variation in
the percentage of microbial C
and N with respect to organ-
ic C (C,,./C,,) and total N

(N i/ N,y ). For other explana-
tions, see Fig. 1

o
spring summer

[y Heas

bial biomass was also affected, as previously reported for
microbial activity (Diaz-Ravifia ¢t al. 1993c¢), by organic
matter quantity and N content. The microbial biomass
annual fluctuation can be partly attributed to the soil
characteristics mentioned above. Moisture is particularly
important for temperate forest soils because humidity is
one of the main factors controlling the microbial popula-
tion density and distribution (Acea and Carballas 1990).
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contents were observed in summer than in winter. In addi-
tion to these factors, the suppiy of nutrients or substrate,
the relative abundance of the different groups of microor-
ganisms, and other environmental factors may have been
invalved. Thus, the relatively high level of microbial bio-
mass in spring may have been due to a sudden increase in
available substrate derived from roots (Lynch and Panting
1980), which favored the proliferation of microorganisms,

The lack of water seemed to limit the microbial biomass
more than temperature, since lower microbial biomass

whereas the increase in microbial biomass in winter may
have been due to a larger proportion of fungi which are

Table3 Two-way analysis of

variance of the effect of soil Source of Degrees of Sums of - Proportion of F ratio
and season on microbial bic- variation freedom squares variation (%)
h i .
mass and flush af nutrients. o) o Season 3 1077176 18 155
All analyses significant at : fcmcs
Season x soil 12 493093 8 18
Microbial C: organic C Season 3 3 23 104
Soil 4 9 62 214
Season X soil 12 2 12 13
Microbial N:total N Season 3 18 33 115
Soil 4 26 47 124
Season x soil 12 8 16 14
N flush Season, 3 7216 16 510
Sail -4 32734 73 1735
Season X soil 12 4436 10 78
P flush Season 3 421 34 134
Sail 4 486 40 114
Season x soil 12 272 22 21
K flush Season .3 1756 44 187
Soil 4 784 20 62
Season x s0il 12 1303 33 a5
Mg flush Season 3 106 27 76
Soil 4 231 59 124
Season x soil 12 39 10 7
N flush: available N Season 3 291154 14 104
Soil - 4 422756 16 114
Season x soil 12 1852447 71 116
P flush:available P Season 3 6461 30 115
Soil 4 89066 44 121
Season x soil 12 4587 22 21
K flush: available K Season 3 4946 31 147
Soil 4 7431 46 166
Season x s0il 12 3936 21 25
Mg flush: available Mg Season 3 1626 " 41
Soil 4 8227 59 156
Season x soil 12 3760 26 24
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particularly favored by humidity (Acea and Carballas
19903.

Values of microbial C and N, expressed as a percentage
of organic C and total N (Fig. 2), respectively, were also
higher in spring (mean 1.4% of organic C and 3.4% of to-
tal N) and winter (mean 1.3% organic C and 2.9% of to-
tal N) and lower in summer (mean 1.1% of organic C and
2.4% of total N) and autumn (mean 0.8% of organic C
and 1.9% of total N). The percentage of organic soil C
present as microbial C was mainly determined by the type
of soil, which accounted for most of the variance (62%),
followed by season {23%), and the soilxseason interac-
tion (12%), while the variance in the percentage of to-
tal N present as microbial N was closely distributed be-
tween soil and season (47 and 33 %, respectively), with the
interaction of both factors explaining a further 16% (Ta-
ble 3).

Flush of nutrients

A positive flush of decomposition following fumigation
and incubation was observed in all soil samples. The {lush
of N, K, P, and Mg ranged from 7 to 115, from 6 to 35,
from 0 to 17, and from 0 to 9pgg™" soil, respectively
(Table4), N had the highest flush wvalues (mean
31 ng N g~ ! soil), followed by K (mean 15 pgK g ! soil),
P (mean 7pgPg™' soil), and Mg (mean
4 ug Mg g 'soil), which is in agreement with values re-
ported previously for several forest soils (Diaz-Ravifia et
al, 1993b), but the mineral N flush was high compared
with that for some agriculiural soils (Carter and
MacLeod 1987).

Significant seasonal changes in the nuirient flush were
detected (Fig.3). The N, P, and Mg flushes (Table 4)
reached maxima in spring (mean 34pgNg™' soil,
11ugPg ! soil, and Spg Mg g * soil) and autumn
(mean 47 pg Ng™' soil, Spg Pg~' soil, and SpgMgg™
soil) and minima in summer (19pgNg ! soil,
4ugP g'i soil, and 3pugMgg™' soil) and winter
(23 ugNg™! soil, 7ug P o~ ! s0il, and 2 pg Mg g™ soil).
The K flush was relatively high in winter and spring and
low in autumn and summer (mean 23, 17, 10, and
9ugKg ! soil, respectively; Table d). The seasonal dis-
tribution of the flush of most nutrients (N, P and Mg)
was in keeping with the order followed by the microbial
population density (Diaz-Raviba et al. 1993¢).

The flush in N, P, and Mg was strongly dependent on
soil type, which explained between 40 and 73% of the
variation (Table 3), N flush being the most influenced by
the soil factor, followed by Mg and P, whereas this factor
only explained 20% of the K flush variation. Season also
explained a significant percentage of the nutrient flush,
explaining from 16 to 44% of the variation; this influence
was relatively high for K and P and low for Mg and N.
The so0il X season interaction explained a further 10—33%
of the variation. There was a positive correlation between
microbial C and the flush of N (r = 0.68, P<0.001), P
(r=0.62, P<0.003), and K (r = 0.61, P=<0.005), and Mg
(r = 0.60, P=0.005). All these relationships were consis-
tent with data previously reported for forest soils (Diaz-
Ravifia et al. 1993b). Ross et al, (1980) also found a close
relationship between biomass C and N flush in grassland
soils. The seasonal order for the flushes of N, P, and Mg
(autumn = spring > > winter = summer) or the flush of X
(winter >spring > autumn = summer) frequently differed

Tabled4 Flush of nutrients and flush value relative to the soil content of the corresponding available nutrient. Values are means + SD

Soil Season N flush P flush K flush Mg flush Ratio Ratio Ratio Ratio
(ngg! (ugg ! (ngg™! (ugg! N flush to P flush to K flush to Mg flush to
sail) soil) soil) soil) available N availabe P available K available Mg

(%) (%) (%) (%)

RGR1 Spring 87+3 13+1 212 8x1 304+ 14 49+ 2 534 70k5

Summer 5513 6x1 12+1 T+1 223+ 13 I=+3 3243 2142
Autumn 115+4 1242 6x1 9+1 148+ 2 I7+6 7+1 23+2
Winter S0£8 1211 30413 5&1 172 17 73x9 51+4 29+3
RGR2 Spring 2442 12+2 16+2 S+1 103+ 9 82 2243 21+3
Summer 8+x1 3+1 8+2 2+ 1 383+ 29 7+3 357 17+8
Autumn 25+ 4+1 9+2 441 180+ 4 911 12x1 2013
Winter 911 6=x1 14=+1 1+1 867115 37+3 3242 0+8
HCAS Spring 1542 9+2 1412 441 53z 6 30+6 9+1 9+1
Summer 12+1 0=+1 7+2 241 253+ 23 0x1 11+4 7+3
Autumn 242 11=+1 10+1 441 160+ 13 3242 8+1 12=x1
Winter 101 3x1 7=x1 2+1 148+ 8 31+3 6+1 4+£2
HCBS Spring 15+1 441 1512 612 62+ S 15+4 18+3 T+1
Summer T+1 141 101 141 67+ 5 212 241 1x1
Autumn 36+2 4+1 8-+1 441 720+ 40 154 8x1 4x1
Winter 16+1 4+1 I5+4 2+1 283+ 16 3145 3914 3x1
FC Spring 2943 17£2 18+2 2=+1 108+ 11 63+7 34 +4 5+2
Summer 12+1 91 10+1 O+1 240+ 20 3612 47T x4 0x1
Atumn 36+3 101 19+2 I+ 92+ 7 3812 25+2 10£3
Winter 2912 611 29+3 1x1 226+ 19 3035 55+6 5+4




Fig.3 Seasonal variation
(normalized values) in the
flush of nutrients. For other
explanations, see Fig. 1
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from the order of microbial biomass (spring> win-
ter >summer =autumn). This finding suggests that the
flush of these nutrients is unsuitable as an index of tem-
poral variations in farest soil microbial biomass; this is in
accord with findings by Ross et al. (1981) and
Sarathchandra et al. (1984) on N flush as an index of mi-
crobial C in cultivated soils.

In the present study, the microbial biomass con-
tributed substantially to plant-available nutrients (Ta-
ble 4). As a consequence of the mineralization of dead
microbial cells, the inorganic N content of the soils in-
creased from 0.5- to 8-Told (mean 2.5) and the increase in
the other nutrients ranged from 0 to 73% for P (mean
30%), from 6 to 55% for K (mean 26%), and from 0 to
70% for Mg (mean 14%), Although no uniform trends
were apparent, significant seasonal fluctuations in the ra-
tio of each nutrient flush to the available nutrient were
detected in the different soils. Generally, the maximum
values for N, P, and K were found in winter and the mini-
mum values in spring, summer, and autumn, with no con-
sistent seasonal effect found for Mg (Table 4).

The contribution from the microbial biomass to the
plant-available nutrient concentrations varied significant-
ly with the type of soil, the season, and the soil x season
interaction. The type of soil, which explained between 16
and 59% of the variation, was the most important factor
in the ratios of Mg, P, and K flushes to the corresponding
available nutrient concentration, while the interaction be-
tween soil and season, which represented from 21 to 71%

winter

| FC

spring summer autumn winter

! HCBS HCAS

RGR2

of the variation, mainly affected the mineral N flush to
available N ratio. The season also significantly affected
this contribution, particularly for K and P, explaining a
further 11—31% of the variability.
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