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Abstract The soil microbial carbon (C), nitrogen (N) 
and phosphorus (P) pools were quantified in the organic 
horizon of soils from an arctic/alpine low-altitude heath 
and a high-altitude fellfield by the fumigation-extraction 
method before and after factorial addition of sugar, NPK 
fertilizer and benomyl, a fungicide. In unamended soil, 
microbial C, N and P made up 3.3-3.6%, 6.1-7.3% and 
34.7% of the total soil C, N and P content, respectively. 
The inorganic extractable N pool was below 0.1% and 
the inorganic extractable P content slightly less than 1% 
of the total soil pool sizes. Benomyl addition in spring 
and summer did not affect microbial C or nutrient con- 
tent analysed in the autumn. Sugar amendments in- 
creased microbial C by 15 and 37% in the two soils, re- 
spectively, but did not affect the microbial nutrient con- 
tent, whereas inorganic N and P either declined signifi- 
cantly or tended to decline. The increased microbial C 
indicates that the microbial biomass also increased but 
without a proportional enhancement of N and P uptake. 
NPK addition did not affect the amount of microbial C 
but almost doubled the microbial N pool and more than 
doubled the P pool. A separate study has shown that CO 2 
evolution increased by more than 50% after sugar 
amendment and by about 30% after NPK and NK addi- 
tions to one of the soils. Hence, the microbial biomass 
did not increase in response to NPK addition, but the mi- 
crobes immobilized large amounts of the added nutrients 
and, judging by the increased CO 2 evolution, their activi- 
ty increased. We conclude: (1) that microbial biomass 
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production in these soils is stimulated by labile carbon 
and that the microbial activity is stimulated by both la- 
bile C and by nutrients (N); (2) that the microbial bio- 
mass is a strong sink for nutrients and that the microbial 
community probably can withdraw substantial amounts 
of nutrients from the inorganic, plant-available pool, at 
least periodically; (3) that temporary declines in microbi- 
al populations are likely to release a flush of inorganic 
nutrients to the soil, particularly P of which the microbi- 
al biomass contained more than one third of the total soil 
pool; and (4) that the mobilization-immobilization cycles 
of nutrients coupled to the population dynamics of soil 
organisms can be a significant regulating factor for the 
nutrient supply to the primary producers, which are usu- 
ally strongly nutrient-limited in arctic ecosystems. 

Key words Arctic/alpine soils �9 Benomyl - Microbial 
C, N, P �9 Nutrient immobilization �9 Plant nutrient uptake 

Introduction 

A large number of reports have shown that addition of 
fertilizer generally induces a strong increase in the pro- 
ductivity of arctic plant communities (e.g. Warren Wil- 
son 1966; Haag 1974; Shaver and Chapin 1980, 1986; 
Jonasson 1992). The response has been taken as an indi- 
cation that plant growth in the Arctic is strongly nutrient- 
limited (Ulrich and Gersper 1978; Shaver and Chapin 
1980, 1986). It has, however, also been observed that the 
fertilizer must be added in relatively large amounts to 
stimulate the plant productivity. For instance, addition of 
5 g m -2 of nitrogen (N) and phosphorus (P), equalling 
approximately 3-5 times the annual incorporation of N 
into the vegetation and 20-40 times the annual uptake of 
P, gave small responses in plant growth, and low nutrient 
recovery in the vegetation, but high recovery in the soil 
(Marion et al. 1982; Shaver et al. 1986; Jonasson and 
Chapin 1991). After addition of considerably larger 
amounts of up to 25 g m -2 N and R Shaver and Chapin 
(1980) observed, however, a substantial fertilizer effect 
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on the vegetation. It has been proposed that the limited 
plant growth response to additions of  moderate amounts 
of  nutrients to arctic soils is because nutrients could have 
been immobilized by the soil microorganisms (Marion et 
al. 1982; Jonasson and Chapin 1991), but to our knowl- 
edge this has not been properly tested. The implications 
of  this probable high nutrient immobilization by soil mi- 
croorganisms are important for a correct understanding 
of the nutrient circulation in tundra for two main reasons. 
Firstly, microorganisms in arctic soils may not only sup- 
ply nutrient to the plants through mineralization of soil 
organic matter, but may also reduce the amounts of  inor- 
ganic, plant-available nutrients during periods of  high 
microbial demand. Secondly, the microbes could act as 
an important "buffer" against soil eutrophication (Jonas- 
son in press). This applies for instance to the eutrophica- 
tion which, as has been proposed, may result f rom the in- 
creased soil temperature and nutrient mineralization in- 
duced by changes in global climate (Post 1993). 

Inferences about nutrient cycling in the Arctic are 
most often based on measurements of  nutrients in the 
vegetation and litter, in the inorganic, plant-available soil 
pool, and/or in the bulk soil, and on estimates of  fluxes 
of  nutrients between these pools. Little is known, howev- 
er, about the nutrient content of  the soil microorganisms, 
which are the regulators of  the nutrient fluxes between 
the biologically important soil pools, and even less is 
known about controls on microbial biomass production, 
nutrient uptake and nutrient release. Both estimates of  
microbial carbon (C) and nutrient pools (Smith and Paul 
1990) and suggestions about the detailed role of  the mi- 
croorganisms in the nutrient immobilization-mobiliza- 
tion cycle have been inferred from indirect measure- 
ments (e.g. Marion et al. 1982; Shaver et al. 1986; Jonas- 
son and Chapin 1991; Jonasson et al. 1993; Shaver and 
Chapin 1995). For instance, as data are lacking, even re- 
cent reviews of microbial biomass and microbial nutrient 
content (Smith and Paul 1990) use the sparse data for the 
arctic regions that were already available some 20 years 
ago (Rosswall 1976). These data are calculated from mi- 
crobial densities and assumed average nutrient contents 
across the broad groups of soil microorganisms rather 
than based on direct estimates, for which there were no 
reliable methods at that time. 

New techniques, e.g. the fumigation-extraction meth- 
od, for direct measurements of  microbial biomass C and 
nutrients are now available and have been thoroughly 
tested during the last 10-15 years (e.g. Jenkinson and 
Powlson 1976; Brookes e ta l .  1982, 1985a, b; Tate et al. 
1988), but we are aware of only one study (Cheng and 
Virginia 1993) in which this technique has been used for 
estimations of  microbial C and nutrients (N) in arctic 
ecosystems. 

In this study we use the fumigation-extraction method 
to quantify the amount of  microbial C in two contrasting 
arctic soils and to estimate the proportions of  N and P in 
the soil microbial and inorganic pools. Secondly, we ex- 
amine how the C, N and P pools are affected by factorial 
addition of NPK fertilizer and labile carbon (sugar). By 

these additions we want to determine the sink-source po- 
tential for nutrients in the soils and investigate how the 
microbial sink strength for nutrients through microbial 
immobilization-mobilization processes is controlled by 
the availability of  labile carbon and easily assimilated 
nutrients. We also included addition of a fungicide, ben- 
omyl, which has previously been shown to affect ar- 
buscular mycorrhizal and pathogenic fungi (Fitter 1986; 
Koide et al. 1988), to examine whether this compound 
could be used for manipulating the soil inorganic and the 
fungal nutrient pool sizes in arctic soils. (We also wanted 
to examine whether the addition of benomyl would re- 
duce the benefit to the plants of mycorrhizal coloniza- 
tion. This, however, is beyond the scope of the present 
paper.) 

We do not include data on growth or nutritional re- 
sponses in the plants because the dominant species in 
these arctic communities respond slowly to nutritional 
changes (Shaver and Chapin 1980). Analyses of  plant 
nutrient responses are planned after a period of time 
when nutritional responses are likely to be manifested 
and will be reported at a later date. 

Methods 

Site description 

The experiment took place fi-om spring to autumn 1993 at two 
sites near Abisko Scientific Research Station in North Sweden 
(68~ 18~ One site was a low alpine heath at the tree 
limit about 450 m above sea level (a.s.1.) with a phi2 o of 7.1 (Ta- 
ble 1) and a 15-20 cm deep layer of organic matter. The heath was 
dominated by ericaceous dwarf shrubs, most commonly Vaccinium 
uliginosum, Empetrum hermaphroditum, Rhododendron lapponi- 
cure, Dryas octopetata and prostrate dwarf birch (Betula nana). 
Forbs and graminoids were scattered, whereas mosses were abun- 
dant and covered most of the ground. 

The second site was a high-altitude (1150 m a.s.1.) fellfield 
with a thin, c. 2-cm-deep discontinuous organic horizon with a 
mean pH of 5.2 (Table 1) and a more open vegetation dominated 
by E. hermaphroditum, Cassiope tetragona, Vaccinium vitis-idaea, 
scattered forbs and a discontinuous moss cover. 

Perturbations and sampling 

We selected a visually homogeneous area at each site in which we 
marked six rows representing blocks with eight 1.5xl.5 m qua& 
rats surrounded by a protection zone 1 m wide. On 20 June, in 
connection with thawing of the soil in spring, we sampled five ran- 
domly selected circular soil plugs with a diameter and depth of 4 
and 10 cm, respectively, within each quadrat on the heath. On 
1 July we sampled the fellfield in a similar way, but because the 
organic layer was thin we took a varying number of plugs from the 
humus layer until the total length of the plugs was at least 25 cm. 
Also, we had to limit the sampling to three blocks due to shortage 
of time. After sampling, we added 250 g sugar m -z, a mixed NPK 
fertilizer (5:1.25:3.75 g m -2, respectively), and 4 g m -2 benomyI 
(Du Pont, de Nemours, Belgium), containing 2 g m -2 active sub- 
stance, in a full factorial design. Hence, each block contained 
three plots with addition of either sugar, NPK fertilizer Or ben- 
omyl, another three plots with all possible pairwise combinations 
of these substances, one plot in which all three substances were 
added and one control with no addition, i.e. 8 plots altogether. The 
plot positions for each treatment were selected randomly within 
blocks. The additions were repeated on 30 July (heath) and 3 Au- 



Table 1 Soil pH, loss on ignition, N and P content (means_+SE) 
C/N, C/P and N/P ratios in unperturbed plots in spring. Extract- 
ability factors of 0.40 for microbial N and P and 0.35 for microbi- 
al C were assumed (SOM soil organic matter) 

Parameter Heath Fellfield 

prim0 7.1 _+0.04 5.2_+0.02 
Loss on ignition (%) 81.4+_1.2 41.3+2.1 

Nto t (mg g-1 SOM) 22.8_+0.4 19.3_+0.4 
(g m -2) 159_+3 51_+1 

Ninor~ (mg g I SOM) 0 .02_+0 .003  0.005_+0.0003 
(g~Z) 0.16_+0.02 0.01_+0.001 

Nmi c (rag g t SOM) 1.40_+0.05 1.40_+0.07 
(g m -z) 9.54_+0.43 3.59_+0.21 

P~ot (mg g-1 SOM) 1.18+0.02 2.51 +0.08 
(g m -2) 8.2_+0.16 6.6_+0.20 

Pinorg (rag g 1 SOM) 0.009+_0.0004 0.001_+0.0001 
(g m- ) 0.06_+0.003 0.004_+0.0002 

Pmic (rag gq SOM) 0.41_+0.01 0.05_+0.004* 
(g m z) 2.84_+0.13 0.120_+0.011" 

Cmi c 13.9-+0.33 18.1_+0.83 

Ctot/Nto t 21.9 25.9 
Ctot/Ptot 424 199 
Ntot/Pto t 19.4 7.7 
Cmic/Nmic 9.9 12.9 
Cmic/Pmic 33.9 362* 
Nmic/Pmi c 3.4 28.6 

* The low amount of microbial P and the high C/P and N/P ratios 
in the microbial biomass indicate that the extractability of micro- 
bial P was considerably lower than the assumed kEp of 0.40 in the 
fellfield soil 

gust (fellfield) with the same amount of sugar and benomyl added, 
but with addition of the double amount of the mixed fertilizer. 

On 27 August (fellfield) and 3 September (heath) we resam- 
pled all quadrats at each site, with six replicates per treatment both 
at the heath and the fellfield. 

Laboratory methods 

The soil samples were brought to the laboratory where the stones, 
roots and macroscopic, undecomposed dead plant parts were re- 
moved, after which we used a 40-g subsample to determine the 
water content gravimetrically by weighing the fresh and dried 
(70~ soil. Part of the dried sample was weighed, ashed for 48 h 
at 550~ and reweighed to determine the loss on ignition. The soil 
carbon content was estimated by multiplying the loss on ignition 
by 0.5. The remaining dried soil was kept for analyses of total N 
by the indophenol method and P by the molybdenum blue method 
after digesting 250 mg soil in a sulphuric acid-selenous acid mix- 
ture for 1 h (Kedrowski 1983). 

Within 48 h after collection, during which the soil was kept re- 
frigerated at 3~ 15 g fresh soil from each quadrat was put in 
small mesh baskets and placed in a desiccator together with a bea- 
ker containing 30 ml of ethanol-free chloroform. The CHC13 was 
brought to boiling by evacuation of the desiccator, and the samples 
were fumigated by the vapour for 42 h to lyse the microbial cells 
and release C and nutrients from the soil microbial biomass (Jen- 
kinson and Powlson 1976; Tare et al. 1988). The desiccator was 
flushed repeatedly after completed fumigation and the soil was re- 
moved from the baskets, placed in bottles in a rotary shaker and 
extracted for one hour in 70 ml 0.5 M KzSO 4. The suspension was 
placed in a refrigerator overnight, filtered the following morning 
and the extracts were frozen until their C, N and P content were 
chemically analysed. 

Starting at the same time as the fumigation, another 15 g of 
fresh soil from each quadrat was extracted as above, but without 
fumigation, to recover the soil inorganic nutrients. 
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Inorganic N and P were analysed in the unfumigated extracts 
by the same methods as for total N and P above. The remaining 
amounts of the extracts were centrifuged and 10 ml of the centri- 
fuged extracts were digested for 4 h in a 5 ml sulphuric acid+sele- 
nous acid mixture with 2 ml H202 added, filled up with distilled 
water to 100 ml, and analysed for N and R The digestion of the fu- 
migated samples mineralizes the organic fractions of microbial N 
and P plus other suspended organic, nutrient holding constituents. 
Hence the extractable microbial N and P content can be calculated 
by subtracting the N and P content in digested, unfumigated ex- 
tracts from the content in digested, fumigated extracts (Brookes et 
al. 1982, 1985a, b; Vance et al. 1987). In our analyses, as in previ- 
ous studies (e.g. Brookes et al. 1982), the digestion of the extract 
did not give any significant addition of P over undigested extracts, 
indicating that the extracted microbial P was converted to inorgan- 
ic form in connection with its release from the microbial biomass. 
For this reason we used the P analyses of undigested extracts for 
estimating microbial R 

The C in the fumigated and unfumigated extracts was analysed 
using a Shimadzu Total Organic Carbon Analyser, TOC-500, and 
the microbial C was estimated as the difference of C content be- 
tween fumigated and unfumigated extracts. 

Part of the microbial C, N and P cannot be extracted, probably 
because it is locked into microbial cell walls. Hence, to obtain an 
estimate rather than an index of the microbial nutrient content, the 
recovered amount must be corrected for extractability. Here we as- 
sume an extractability factor kEc=0.35 for C and a factor 
kEN=kEp=0.40 for N and R The kEc factor of 0.35 was recommend- 
ed by Sparling et al. (1990), and is similar to that used by Cheng 
and Virginia (1993) for tundra soil. The factor 0.40 for N and P is 
in the middle of the range of previously reported values of the ex- 
tractability for N by K2SO 4 (e.g. Brookes et al. 1985b; Ross and 
Tate 1993; Voroney et al. 1993), and similar to the commonly used 
extractability factor for P (Brookes et al. 1982), although with a 
different extractant. 

Computations and statistical analyses 

Treatment effects were examined on soil inorganic N and P and on 
microbial C, N and P concentrations per unit soil organic matter 
(SOM) by factorial analysis of variance with fertilizer, sugar, ben- 
omyl additions and block as factors. In the calculations of treat- 
ment effects at the heath by late summer, the June chemical data 
were included as a covariable to compensate for initial differences 
in chemical content among the plots. This was not possible for the 
testing of treatment effects at the fellfield because the June mea- 
surements there were restricted to three of the six blocks. 

To obtain an area-based measure of the pools, we multiplied 
the concentration values with the soil mass per unit area of the 
sampled soil cores and express the C and nutrient pools in mass 
per unit area. This measure represents the content in the whole 
volume of the organic horizon at the fellfield, but it is restricted to 
the upper 10 cm on the heath, within which we considered that the 
treatment effects should be most pronounced. 

Results 

Nutr ient  and carbon part i t ioning in the soil 

At the spring sampling,  the heath and the fellfield con- 
ta ined on an average 22.8___0.38 and 19.3+0.38 mg N g-1 
SOM, respectively (Table 1). The inorganic  fraction con- 
stituted 0.1% or less of these pools. The microbial  bio- 
mass at both sites conta ined 1.40 mg N gq  soil corre- 
sponding to 6.1% of the total soil n i t rogen pool at the 
heath and 7.3% at the fellfield. The microbia l  C content  
was lower and reached 2.8% (13.9 mg g-1 SOM) and 
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3.6% (18.1 mg gq  SOM) of the total soil carbon content 
at the heath and fellfield, respectively, assuming a C con- 
tent of 50% in the SOM. Hence, the C/N ratio of the mi- 
crobial biomass was 9.9 in the heath soil and 12.9 in the 
fellfield soil. 

The total P content in the heath soil was 1.2_+0.02 
mg gq SOM and 2.5+0.08 mg g-1 SOM at the fellfield 
(Table 1) where mineral soil constituted a much larger 
proportion of the bulk soil than at the heath. On the 
heath, both the proportions of  P in extractable, inorganic 
form (0.8% of the total in SOM) and in the microbial 
biomass (34.7% of the total in SOM, corresponding to 
C/P and N/P ratios of 33.9 and 3.4, respectively) were 
much higher than the proportion of inorganic and micro- 
bial N. Both microbial N and P were within the expected 
range in microbial biomass (Patra et al. 1990; Smith and 
Paul 1990). 

On the fellfield, both the inorganic and microbial P 
content were much lower. The microbial C/P and N/P ra- 
tios were 362 and 28.6, respectively. The high ratios at 
the fellfield show that the low P values in the extracts of 
this soil were mostly due to low extractability by the ex- 
tractant we used, rather than to low P concentrations p e r  
se. This has been confirmed by comparisons of P extract- 
ed with NaH2CO 3 as extractant. 

The autumn levels of the soil inorganic and microbial 
N and P and of microbial C in the untreated control plots 
were not significantly different from the spring levels 
(P>0.13; data not shown). 

Treatment effects 
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Fig. 1 Late-season microbial carbon content (means_+SE) per unit 
soil organic matter on a low-altitude arctic/alpine heath (above) 
and a high-altitude fellfield (below) after one growing season of 
fungicide (benomyl, B), carbohydrate (sugar, C) and fertilizer 
(NPK, F) amendment in a factorial design (0, control). For treat- 
ment effects, see Table 2 

Table 2 ANOVA table for treatment effects and interactions on 
microbial C after one growing season of fertilizer (F), carbohy- 
drate (sugar; C) and fungicide (benomyl; B) amendment to an arc- 
tic/alpine heath and fellfield site. Significant effects (P<0.05) are 
indicated by italics 

Treatment Heath Fellfield 

There were no differences (P>>0.05; one-factor AN- 
OVA) in total and inorganic soil N and P or in microbial 
C, N and P among the untreated plots in June before the 
perturbations. Hence, the differences in C, N and P frac- 
tions in autumn relate to treatment effects and not to dif- 
ferences in initial nutrient contents. 

Sugar amendments increased microbial C significant- 
ly, by 15% at the heath and 37% at the fellfield (Fig. 1, 
Table 2) but did not affect the microbial nutrient content 
(Figs. 2 and 3; Tables 3 and 4). However, there was a 
tendency for inorganic N values to decline in most cases 
when sugar was added (Figs. 2 and 3), although this was 
significant (P=0.0002) only when sugar was added to- 
gether with fertilizer at the fellfield (Table 3). NPK addi- 
tion resulted in an increase (P<0.001) of the inorganic 
and microbial N (Table 3) and P (Table 4) concentra- 
tions, except for soil inorganic P content at the heath 
(P=0.075). In contrast, nutrient addition did not affect 
the amount of  microbial C. However, ongoing research 
has demonstrated an increase of CO 2 production of about 
30% after addition to the heath of NPK and NK in the 
same amounts that we used (L. Illeris, personal commu- 
nication) and an increase of more than 50% after sugar 
addition. The enhanced CO 2 production started within 
24 h after the additions and was sustained for at least 
2-3 weeks. The lack of change in microbial C after addi- 

F P F P 

F 0.57 0.465 0.97 0.761 
C 7.22 0.011 23.71 0.000 
B 2.34 0.136 0.48 0.500 
FxC 2.02 0.149 0.58 0.460 
FxB 0.00 0.983 0.05 0.835 
CxB 0.86 0.431 0.15 0.701 

tion of fertilizer in spite of the response in CO 2 produc- 
tion demonstrates that an increase of microbial activity 
does not necessarily correlate with changes in microbial 
biomass C. None of the treatments changed the soil 
pH values. 

Fertilizers and sugar interacted in two cases. On the 
fellfield a strong increase in inorganic N after addition of 
NPK fertilizer disappeared when sugar was also added 
(Fig. 3, Table 3). This indicates that extra nutrients were 
absorbed by the microorganisms when labile carbon be- 
came available and the microbial biomass increased. 
However, the amount absorbed was too low to produce 
any significant increase in the relatively large microbial 
N pool. The same probably occurred with the inorganic 
P although the interaction was not statistically significant 
(P=0.109; Table 4) due to a rather large variance of the 
sample means. 
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Fig. 2 Late-season inorganic and microbial nutrient concentra- 
tions (means_+SE) per unit soil organic matter on a low-altitude 
arctic/alpine heath. Symbols and treatments as in Fig. 1; see Ta- 
bles 3 and 4 for treatment effects 

The second interaction between fertilizer and sugar, 
although weaker, occurred with microbial P on the heath 
(Fig. 3, Table 4). Fertilization alone caused a strong in- 
crease of microbial P, but the effect declined for un- 
known reasons when fertilizer was applied together with 
sugar (P=0.024). 

Addition of benomyl did not result in any significant 
changes in microbial C or in inorganic and microbial N 
and P (Figs. 2 and 3, Tables 2-4), nor were there any sig- 
nificant interaction effects between benomyl, nutrients, 
or carbohydrates. 

Microbial nutrient accumulation and recovery 
after fertilizer application 

The amount of fertilizer N recovered in the soil microbi- 
al and inorganic fractions varied between 10.4 and 
26.9% on the heath and between 10.7 and 22.5% on the 
fellfield (Table 5). P was recovered in larger amounts of 
between 20.0 and 54.1% on the heath, while the recovery 
could not be determined at the fellfield due to the low 
extractability. Most of the recovered nutrients were in the 
microbial biomass. 

Discussion 

Pool sizes of microbial C, N and P in arctic soils 

The microbial N content of 3.6 g m 2 that we found at 
the fellfield (Table 1) corresponds closely to a global av- 

Table 3 ANOVA table for 
treatment effects and interac- 
tions on inorganic and microbial 
N after one growing season of 
fertilizer (F), carbohydrate 
(sugar; C) and fungicide (ben- 
omyl; B) amendment to an arc- 
tic/alpine heath and fellfield 
site. Significant effects 
(P<0.05) are indicated by ital- 
ics 

Treatment Heath Fellfield 

Inorganic N Microbial N Inorganic N Microbial N 

F P F P F P F P 

F 12.50 0.002 
C 2.44 0.136 
B 0.22 0.650 

FxC 0.78 0.397 
FxB 0.19 0.673 
CxB 0.67 0.430 

12.31 0.002 26.61 0_000 59.72 0.000 
0.55 0.475 20.06 0.000 0.01 0.918 
0.23 0.645 1.57 0.225 0.14 0.721 

1.42 0.247 18.34 0.000 2.35 0.140 
0.21 0.659 0.06 0.809 0.00 0.997 
0.01 0.914 0.45 0.517 0.40 0.539 



512 OECOLOGIA 106 (1996) �9 Springer-Verlag 

2.5- 
0 u) 
~. 2- 

1.5- 
Z 

e~ 1- 
2 
O 

0.5- 

0 B C CB F 

| 

N 
$ 

i 

BF 

$ 

$ 
| 

| 

CF 

$ 

$ 

CBF 

0.25 

0.2 
0 

0.15 
g 
eL 

o.1 
.El 
0 

~. 0.05 

i i J i 

0 B C CB F BF 

NN~ 

i 

CF 

| 

@ 
@ 

i 

:BF 

6 0  �84 

0 50  

. .~40 

�9 ~ 30- 
z 
0 
'E 2 0  

o 10- _a 

0 B C CB F BF CF CBF 

Fig. 3 Inorganic and microbial nutrient concentrations (means 
_+SE) per unit soil organic matter on a high-altitude arctic/alpine 
fellfield. Symbols and treatments as in Fig. 1; see Tables 3 and 4 
for treatment effects 

erage of 4 g 1TI 2 estimated for tundra soils (Rosswall 
1976), whereas the content of  9.5 g N m -2 in the upper 
10 cm of the heath soil is appreciably above this average. 
The global arctic average was estimated indirectly by 
calculations based on assumed averages of  microbial 
densities and microbial N content from observations at a 
few places in the Arctic. Similarly, assuming 50% C in 
the microbial biomass, the microbial carbon content of  
46 g m -2 that we estimated at the fellfield corresponds 
well with an estimated average of 100 g m -2 microbial 
dry mass across the entire Arctic (Rosswall 1976). 

14 
A 

12  0 
r 
o~ 10- 

o'~ 8 ,.,= 

a,, 6" 
.2 
C 

4" 

o 2- 

0 B C CB F BF CF CBF 

The rather shallow soil at the fellfield is probably 
more  similar to the average for the Arctic, ranging f rom 
soils o f  high organic matter content in the subarctic to 
soils with low organic matter in the high Arctic, than the 
heath soil. Hence, the similarity between the average mi- 
crobial biomass C and N content in arctic soils and the 
content we found in the fellfield soil indicates that the 
early, indirect estimates o f  average microbial  biomass 
and microbial  N content in tundra (Rosswall  1976) are 
realistic. Our estimates are close to microbial  C values, 
ranging f rom 20.6 to 36.8 mg  g-1 soil C and C/N ratios 
o f  9 .74-13.5  (with an occasional  high value of  21.8) re- 
ported by Cheng and Virginia (1993) f rom different soils 
of  a watershed in arctic Alaska. Values o f  microbial  P in 
arctic soils have not, to our knowledge,  been estimated 
previously. 

Table 4 ANOVA table for 
treatment effects and interac- 
tions on inorganic and microbi- 
al P after one growing season 
of fertilizer (F), carbohydrate 
(sugar; C) and fungicide (ben- 
omyl; B) amendment to an arc- 
tic/alpine heath and fellfield 
site. Significant effects 
(P<0.05) are indicated by ital- 
ics 

Treatment Heath Fellfield 

Inorganic P Microbial P Inorganic P Microbial P 

F P 

F 3.53 0.075 
C 0.14 0.712 
B 0.30 0.594 

F P F P F P 

FxC 0.42 0.539 
FxB 1.75 0.20l 
CxB 3.67 0.070 

25.6 0.000 21.81 0.000 33.51 
0.90 0.365 0.39 0.548 2.71 
0.32 0.587 1.33 0.262 0.83 

5.97 0.024 2.80 0.109 1.84 
2.58 0.124 0.01 0.923 0.75 
0.12 0.735 0.00 0.967 0.00 

0. 000 
0.114 
0.382 

0.189 
0.404 
0.973 



Table 5 Recovery of fertilizer N and P (g m -z) in the 
and microbial soil fractions after additions of fertilizer 
or in combination with benomyl (B) and carbohydrates 

inorganic 
alone (F) 
(C) to an 
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arctic/atpine heath and fellfield. The amounts in the microbial 
fraction assume an extractability of 0.4. Data are not given for P at 
the fellfield because of poor extractability (see text) 

Site Treatment Ninor ~ Nmi c Total % of added Pinorg Pmic Total % of added 

Heath F 0.14 3.29 3.43 22.9 
Heath BF 0.26 3.78 4.04 26.9 
Heath CF 0.11 4.11 4.22 28.1 
Heath CBF 0.05 1.51 1.56 10.4 
Fellfield F 0.07 1.89 1.96 13.1 
Fellfield BF 0.07 1.54 1.61 10.7 
Fellfield CF 0.02 3.35 3.37 22.5 
Fellfield CBF 0.01 2.33 2.34 15.6 

0.010 2.02 2.03 54.1 
0.015 1.91 1.92 51.3 
0.027 1.39 1.42 37.8 

-0.003 0.75 0.72 20.0 

Nutrient partitioning between soil pools; 
implications for plant nutrient availability 

The inorganic N and P pools - i.e. the nutrient fractions 
that are instantaneously available for plant and microbial 
uptake - were small compared to the pools in the soil or- 
ganic matter and in the microorganisms (Table 1). Also, 
our analyses showed that a much larger proportion of the 
total soil P (34.7% at the heath) than of the soil N 
(6.1-7.3%) and C (3.3-3.6%) was incorporated in the 
soil microbial biomass, i.e. there is a generally lower N/P 
and C/P ratio in the soil microbial biomass than in the 
non-living soil organic matter. 

The proportionally high concentration of P in the bio- 
mass of soil microorganisms is also reflected in their up- 
take ratio of fertilizer N and P (Table 5), ranging be- 
tween 1.63 and 2.95. This is comparable to N/P ratios 
actually in microbial biomass (Williams and Sparling 
1984; Smith and Paul 1990). 

Due to the high fraction of P in the microbial biomass 
in comparison to the total P content of the soil and its 
relatively labile character (Sarathchandra et al. 1989), 
any changes in the population size of soil microorgan- 
isms should have a much higher effect on the supply of P 
than that of N to the inorganic, plant-available, nutrient 
pool. This is consistent with suggestions that microbial 
processes are particularly important in regulating plant P 
availability (Chapin et al. 1978; Wood et al. 1984), and 
implies that short-term availability of P to the plants de- 
pends more on changes in population sizes of soil micro- 
organisms than on changes of mineralization rates: epi- 
sodes of microbial population decline will cause a flush 
of P to the inorganic pool, whereas phases of population 
growth will cause strong depletion of the pool. Even 
though it has been proposed that plant nutrient uptake in 
arctic soils could be strongly regulated by such pulses 
(Chapin et al. 1978; Jonasson and Chapin 1991), we 
have no indications of how common such episodes are. 
The similar amounts of microbial C, N and P in early 
spring and autumn demonstrated in this study agrees 
with results from an ongoing study by us with shorter 
time intervals between sample collections. Hence, we 
have not yet found any seasonal pulses of microbial 
growth or nutrient uptake during the growing season at 
our sites. Giblin et al. (1991) showed, however, that net 

mineralization of N and P in several Alaskan soils in- 
creased strongly during the winter. Hence, microbial die- 
back could occur outside the growing season. Whether 
the inorganic nutrients released during this period are ab- 
sorbed by the plants in early spring when the soil thaws, 
are taken up by early season's microbial absorption, or 
are lost by leaching is yet unknown (see Zak et al. 1990). 

Microbial responses after sugar amendments 
and benomyl addition 

The increase of microbial biomass C after addition of la- 
bile C indicates that the soil microbes responded by ex- 
panding their population size when supplied with extra 
carbon/energy. The enhanced incorporation of C in the 
microbial biomass was not followed by any increase of 
microbial N and R This was probably because the mobili- 
zation rate of these nutrients from the SOM was too low 
to result in any noticeable extra addition to the propor- 
tionally large amounts already incorporated in the mi- 
crobes when they switched over from the SOM to the 
added carbon as a main energy source. However, the level 
of inorganic N in the fertilized soil at the fellfield, where 
all responses were strongest, declined significantly, and 
inorganic P tended to decline when labile C was also add- 
ed (Tables 3 and 4). Furthermore, in several cases the in- 
organic N and P levels in unfertilized soils also tended to 
decline after addition of labile C. These trends could not, 
however, be supported statistically because the concentra- 
tions generally were close to the detection limit and the 
treatment means therefore had a relatively high variance. 

In a pot experiment with arctic graminoids grown in 
soil collected close to the heath site, both soil inorganic 
N and plant growth declined after addition of leaf ex- 
tracts of Empetrum hermaphroditum (Michelsen et al. 
1995). The extracts were rich in labile C, which led to 
microbial nutrient immobilization and enhanced micro- 
bial activity. 

The lack of response to the benomyl addition could 
be due to several reasons. Firstly, the lack of decline in 
microbial C and nutrient pools could be because ben- 
omyl is a fungicide. Hence, it should not affect the bacte- 
rial community, which can have a high biomass (Parink- 
ina 1974) and constitute a proportionally large part of the 
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active microbial biomass in tundra soils (Rosswall et al. 
1975). Secondly, benomyl probably acts more strongly 
on mycorrhizal function, i.e. on N and P absorption, 
translocation and transfer, than on mycorrhizal fungal 
colonization of roots and soil (Fitter 1986; Koide et al. 
1988). Note that nutrient uptake by plants was not mea- 
sured in this study, so we have no indication of how 
strongly the fungicide acted on the mycorrhizal function. 
Others have also failed to find an effect of the fungicide 
on soil extractable P (Fitter and Nichols 1988). It is pos- 
sible that the benomyl is quickly adsorbed to the soil 
particles and therefore biologically unavailable in soils 
rich in organic matter (see Liu and Hsiang 1994). 

Microbial nutrient immobilization: 
implications for plant nutrition 

In spite of weak responses in microbial biomass C to nu- 
trient addition, the soil microorganisms nevertheless ab- 
sorbed large amounts of N and P from the fertilizer, 
which resulted in an approximate doubling of their bio- 
mass N and P by 4 weeks after the additions. Further- 
more, nutrient addition also stimulated microbial activi- 
ty, shown by the rapid and persistent increase of CO 2 
production after NPK and NK additions (L. Illeris, per- 
sonal communication). Hence, although the microorgan- 
isms responded by increasing their biomass only after 
addition of  labile C, they apparently increased their ac- 
tivity when the pools of inorganic nutrients increased. 
This is the first direct evidence of which we are aw- 
are that microbial activity increases in response to fertil- 
izer addition to arctic soils, and the strong increase of 
microbial N and P after fertilization is the first direct 
evidence of  a high potential for nutrient immobilization 
in these soils. This observation supports the suggestions, 
from indirect observations, that the low recovery of add- 
ed fertilizers in plant biomass could be due to nutrient 
immobilization by soil microorganisms (e.g. Shaver and 
Chapin 1980; Marion et al. 1982; Shaver et al. 1986). It 
also agrees with observations of low seasonal net nutri- 
ent mineralization in a variety of arctic soils (Chapin et 
al. 1988; Giblin et al. 1991; Nadelhoffer et al. 1991) in- 
cluding low and even negative net growing season N and 
P mineralization found on the same heath types situated 
near to our present sites (Jonasson et al. 1993). 

Presumably, the retention of nutrients we found in mi- 
croorganisms after fertilizer addition also takes place 
during naturally occurring flushes, e.g. those in connec- 
tion with drying and wetting or freeze-thaw cycles 
(Smith and Paul 1990). This implies that microbial nutri- 
ent uptake could cause a considerable depletion of the 
inorganic nutrient pool that otherwise would have been 
available for plant uptake. 

All responses we measured are integrated responses 
across all components (e.g. bacteria and fungi) and func- 
tional groups of the microbial community. It is possible 
therefore that certain groups of microorganisms respond- 
ed in different ways to the additions. Although such dif- 
ferential responses are interesting in detailed studies of 

microbial turnover of organic matter and nutrients in the 
soil, they are less important in the context of this study 
which aimed primarily to examine responses to the addi- 
tions as net nutrient partitioning between soil nutrient 
pools. 

The strong immobilization of nutrients we found in the 
microbial biomass as a whole suggests that the microbes 
could act, at least periodically, as competitors with the 
plants for nutrients (Schimel et al. 1989; Harte and Kin- 
zig 1993). The availability of inorganic nutrients to the 
plants may therefore depend heavily not only on the mi- 
crobial mineralization rate of litter and soil organic mat- 
ter, but also on the ability of the plants to compete with 
soil microorganisms, unless the plants can use pulses of 
nutrients released to the inorganic soil nutrient pool after 
die-back of the microbial community. Another way for 
plants to circumvent low nutrient availability, which is 
well known but so far poorly explored in the Arctic, is by 
forming symbiotic associations with the soil fungal com- 
munity. For instance, the ericaceous plants that dominate 
on heaths are hosts to mycorrhizal fungi that can break 
down and utilize nitrogen-containing, complex organic 
compounds (Read 1991). Hence, nutrient fractions which 
are unavailable for most other plant groups may be assim- 
ilated by the ericaceous plants, and they thus obtain a 
competitive advantage over other plants, which would ex- 
plain their dominance on nutrient deficient soils (Read 
1991). Recent results indicate that organic N is indeed ac- 
quired by ectomycorrhizal and eficoid mycorrhizal dwarf 
shrubs in the subarctic (Michelsen et al. 1996). This is be- 
ing explored further experimentally by assessing plant 
nutrient uptake with and without benomyl treatments. 
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