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Abstract In the prolonged absence of major distur-

bances, ecosystems may enter a stage of retrogression,

which is characterized by decreased ecosystem process

rates both above and belowground, and often reduced

availability of phosphorus (P). Disturbance through

wildfire can increase soil P losses through leaching or

erosion, but in the long-term absence of fire, soil P

could potentially become increasingly bound in more

stable forms that are less available to microbes. We

studied forms of P and microbial respiration kinetics in

the humus layer of a group of islands that vary

considerably in wildfire frequency (40–5,300 years

since last fire), and which are known to enter

retrogression in the prolonged absence of fire. We

found a decrease in labile P with decreasing fire

frequency but no change in total P. Soil microorgan-

isms responded more strongly to N than to P addition,

and microbial biomass N:P ratios remained unchanged

across the gradient. However, the concentration of

labile P was the best predictor of microbial respiration

responses across the islands, and this provides some

evidence that declining access to P could contribute to

the decline in soil microbial activity during retrogres-

sion. Our results show that even though N is arguably

the main limiting nutrient during retrogression in this

chronosequence, long term absence of fire also causes a

decline in P availability which negatively affects

microbial activity. This in turn could potentially impair

microbially driven processes such as decomposition

and mineralization and further contribute to the

reduced availability of soil nutrients during

retrogression.
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Introduction

During long-term succession (in the order of millen-

nia), nutrient limitation of plants and soil microor-

ganisms often shifts from being mainly nitrogen (N)

limited, to being co-limited by N and phosphorus (P),

and eventually to being mainly P-limited (Walker and

Syers 1976; Walker et al. 1983; Vitousek 2002;

Wardle et al. 2004a; Coomes et al. 2005; Allison et al.

2007). This increasing limitation by P occurs because

P is derived mainly from the bedrock and over time

becomes increasingly depleted or bound in more

stable forms (Walker and Syers 1976; Walker et al.

1983; Crews et al. 1995; Vitousek and Farrington
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1997; Turner et al. 2007). In contrast, inputs of N to

the ecosystem through biological N fixation and

atmospheric N deposition can occur even in late

successional stages (Crews et al. 2000; Lagerström

et al. 2007). Ecosystem productivity characteristically

peaks at the stage of succession at which N and P are

co-limiting, and declines in the final P-limited stage

(Walker and Syers 1976; Walker et al. 1983; Vitousek

2002; Wardle et al. 2004a; Richardson et al. 2004;

Coomes et al. 2005; Lecomte et al. 2006). The stage at

which productivity declines is often referred to as

‘ecosystem retrogression’ (Walker et al. 2001; Walker

and del Moral 2003; Walker and Reddell 2007) and

characteristically involves reduced plant litter quality,

microbial biomass and rates of decomposition and

microbial respiration (Wardle et al. 2004a; Parfitt

et al. 2005; Williamson et al. 2005). A decline in soil P

quality and abundance has been well documented in

retrogressive chronosequences aged in the order of

20,000 years or more in tropical and temperate

climates (Walker and Syers 1976; Crews et al. 1995;

Vitousek and Farrington 1997; Turner et al. 2007;

Allison et al. 2007). However, it has not been

demonstrated in the boreal zone where ecosystem

retrogression has been observed to occur over a few

1,000 years (Wardle et al. 2003, 2004a) or where

retrogression has resulted from the prolonged absence

of wildfire.

Wildfire is the main natural cause of disturbance in

the boreal forest (Zackrisson 1977; Niklasson and

Granström 2000). Several studies have shown that fire

can increase losses of P in the boreal landscape in the

short term (Burke et al. 2005; Prepas et al. 2003;

Bayley et al. 1992; Spencer and Hauer 1991; McColl

and Grigal 1975). Most of these losses are in partic-

ulate form (Burke et al. 2005; Prepas et al. 2003),

because P is non-combustible and tends to accumulate

in surface soils after fire (Neff et al. 2005), from where

it is easily lost, mainly through surface run-off. When

fires are frequent, there will be a net loss of P from the

surface soil, which requires replenishment by weath-

ering of parent material. Previous studies in the boreal

landscape have shown that with frequent fire there is a

rapid depletion (\2,000 years) of easily weatherable

minerals in the soil mineral horizon (Hoffland et al.

2002), and the amount of P in the humus soil may

therefore be expected to decrease with time. In

contrast, the long term absence of fire will result in

continual release of mineral P by weathering and

transfer of P to the surface via plant uptake (Attiwill

and Adams 1993); this P will eventually be returned as

plant litter and incorporated as organic P in the humus

layer. Ecosystem losses of P can thus be expected to be

slow in areas with low fire frequency. Long-term

absence of disturbance in the boreal forest involves the

gradual build-up of an increasingly thicker humus

layer (Wardle et al. 2003), and it is conceivable that as

this occurs P may become bound in more stable

organic forms, causing a shift in the proportions of

different forms of P with increasing time since fire.

However, to date this issue remains unexplored.

In this study we use a well characterized retro-

gressive boreal forest chronosequence in northern

Sweden that spans over 5,000 years. The system

involves a series of 30 lake islands across which fire

frequency varies greatly because large islands get

struck by lightning more often than do smaller ones

(Wardle et al. 1997, 2003). As such, some of the

largest islands have burned within the past 100 years,

whereas some smaller islands have not experienced a

major fire for over 5,000 years. Coupled with a

decreased fire frequency is an increased depth of the

humus layer, increased C sequestration, and elevated

humus N:P ratios (Wardle et al. 2004a) due to

increased N concentrations caused by higher N

fixation rates on islands that have not burned for a

long time (Lagerström et al. 2007). With decreased

fire frequency there is also a decrease in litter quality

and an increase in concentrations of polyphenolic

compounds (Wardle et al. 1997, 2003, 2004a). The

system provides a unique opportunity for studying

how differences in long-term fire history can affect

ecosystem P dynamics in the time scale of centuries

to millennia in the boreal forest. We hypothesize that

the very low fire frequency on small islands has lead

to an increased proportion of humus P being locked

up in stable organic forms, leading to higher total P

but low P availability compared to large islands that

burn more frequently. To test this hypothesis we

compared the abundance of different P forms across

all islands as determined through Hedley extraction

(Hedley et al. 1982; Saggar et al. 1990; Binkley et al.

2000). We also used soil respiration parameters as

indicators of the degree of availability of soil P to the

microbial community across the chronosequence,

following the method by Nordgren (1988, 1992).
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By conducting these measurements we hope to gain

further insight into the nature of P dynamics and

limitation during ecosystem retrogression caused by

the long-term absence of wild fire in the boreal forest.

Materials and methods

Study site and soil sampling

The study was conducted on 30 forested islands in

Lake Hornavan and Lake Uddjaure in northern

Sweden (65� 550N to 66� 090N and 17� 430E to 17�
550E). The main disturbance factor on these islands is

wildfire by lightning strike; large islands are struck

more often by lightning than are smaller ones and

have therefore burned more frequently (Wardle et al.

1997, 2003). The islands were divided into three size

classes with ten islands in each; large ([1 ha),

medium (0.1–1.0 ha) and small (\0.1 ha) with an

average time since the last major fire of 585, 2,180

and 3,250 years respectively (Wardle et al. 2003).

The bedrock consists of granite boulders and the soils

are podsols. The depth of the humus layer increases

with decreasing island size and increasing time since

fire, from around 0.1 m on large islands to an average

of 0.65 m (and up to 0.9) on small islands (Wardle

et al. 2003). Mean annual precipitation is 750 mm

and the mean temperature is ?13�C in July and

-14�C in January. The vegetation is dominated by

the tree species Pinus sylvestris, Picea abies and

Betula pubescens and the dwarf shrubs Vaccinium

myrtillus, Vaccinium vitis-idaea and Empetrum her-

maphroditum. Feather mosses dominate the ground

layer.

Sampling took place in mid August 2005. Six

randomly placed soil cores were collected from

permanent 20 9 20 m plot on each of the 30 islands

(one plot per island). These plots have been used for

previous work on these islands (Wardle et al. 2003,

2004a); all plots are similar distance from the shore

regardless of island size. Cores were retrieved with a

soil auger (diameter: 0.10 m) at a distance of at least

2 m between samples. The upper 10 cm of the humus

was used; this was the humus depth on the islands

with the shallowest humus, and the depth layer in

which most of the soil microbial activity is concen-

trated (Fang and Moncrieff 2005). Vegetation and

litter was removed from the cores, after which they

were packed in polyethylene bags, and stored in a

freezer (-20�C) from the day of sampling until they

were analysed. As the soil profile is normally frozen

for 6 months of the year and routinely subjected to

temperatures in this range, it is assumed that storage

of samples in a freezer would not subject the soils to

any unnatural effects. However, because of the freez-

ing our samples may be most characteristic of spring

soils rather than August soils. Before analysis, the

soils were sieved to 3 mm and roots were removed.

The six soil cores from each island were then bulked

into one composite island sample for analysis.

Microbial respiration

Soil microbial respiration was measured using a

respirometer (Respicond IV; A. Nordgren Innova-

tions, Djäkneboda, Sweden), which calculates the

amount of respired CO2 from the change in conduc-

tivity caused by accumulated CO2 in a KOH trap, as

described by Nordgren (1988, 1992). For each island

humus sample, four subsamples, corresponding to 1 g

organic matter (determined by loss on ignition,

550�C, 5 h), were each placed in 250 ml plastic

vessels. They were adjusted to 230% gravimetric

moisture content (dry weight basis), which was the

mean gravimetric moisture content (70�C, 72 h) of all

samples at the time of sample collection and is close

to the optimum for microbial growth in humus

samples (e.g., Ilstedt et al. 2000). The vessels were

placed in the respirometer (which was run at 20�C)

and respiration then measured hourly (see Fig. 1 for

schematic graph of soil microbial respiration kinetics

before and after substrate addition). Carbon is known

to be limiting to microbial growth in these soils and

glucose (Glu) was therefore added in excess to all

samples.

In order to estimate the nature of nutrient limita-

tion of the microbial community, additions of N and

P were made to the four incubation vessels prepared

for each sample, using the approach described by

Nordgren (1992); this approach has previously been

used in several studies for estimating the level of

availability of soil N and P to microbial organisms

(e.g., Demetz and Insam 1999; Vesterdal 1998;

Ilstedt et al. 2003; Giesler et al. 2004; Ilstedt and

Singh 2005; Gnankambary et al. 2007). Glucose ? N

and Glu ? P was added in excess to the first and

second vessel respectively to ensure that P was the
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limiting nutrient in the first vessel and N in the

second vessel. Maximum respiration rate was

assumed to occur when N (for Glu ? P) or P (for

Glu ? N) limits further microbial growth (Fig. 1). In

duplicate vessels a limited amount of N (DN) or P

(DP) was also added to the excess Glu ? P or

Glu ? N respectively. The additions of DN/DP lead

to an increase in maximum respiration rate compared

to only adding Glu ? P/Glu ? N, which can give a

further indication on the nature of nutrient limitation

by showing the response to addition of a third

element when Glu and N or P are available in excess

(Nordgren 1992). The amount of Glu added was

400 mg. Phosphorus was added as NaH2PO4 and the

amounts were 2.28 mg P to achieve P in excess and

0.114 mg P as DP. Nitrogen was added as (NH4)2SO4

and the amounts were 13.8 mg N to achieve excess N

and 1.00 mg for DN. These amounts have previously

been shown to be appropriate for quantifying N and P

limitation of the microbial community in boreal

forest systems by using this approach (Nordgren

1992; Giesler et al. 2004).

Measurements of CO2 production from each vessel

was made every hour. When respiration was stable,

basal respiration (BR) was calculated as the mean

value of 20 hourly measurements. Substrate additions

were made when respiration rate had been stable for

40 continuous hours. Substrate-induced respiration

(SIR) was determined as the respiration rate imme-

diately following the addition of glucose (Anderson

and Domsch 1978; Fig. 1). Some time after glucose

and N and/or P addition, respiration starts to increase

exponentially (Fig. 1) and this rate of exponential

growth (l) was measured as the slope of the log-

transformed respiration rate plotted against time

during the exponential growth phase (Nordgren

1988; Giesler et al. 2004). The time period between

substrate addition and the start of the exponential

growth phase, i.e., the lag time (Fig. 1), is calculated

as the time from substrate addition to the intercept

between the regression line of log transformed

respiration rate during exponential phase and log

SIR (Nordgren 1988).

Soil and microbial C, N and P determinations

In order to examine different forms of soil P in each

soil sample, sequential extraction of P was performed

in five steps using the approach of Hedley and

Stewart (1982) as modified by Binkley et al. (2000)

and Giesler et al. (2004).

In the first step, inorganic P was extracted using

anion exchange membranes (55164 2S, BDH Labo-

ratory Supplies, Poole, England) (Saggar et al. 1990).

For each soil sample, an anion exchange membrane

(4.5 9 8.5 cm2) was placed in a 250 ml plastic

centrifuge bottle with 2 g d.w. of soil and 180 ml

deionised water, and placed on an orbital shaker

(150 rev min-1, 18 h). The membrane was then

removed and soil that was adhered to it was rinsed

back into the bottle, which was then placed in a high

speed centrifuge (JA rotor 14, 14,000 rev min-1,

15 min, 10�C). The water was then discarded, leaving

the soil pellet in the centrifuge bottle. The membrane

was transferred to a 150 ml bottle where it was

eluated with 40 ml NaCl on a shaker (1 h). In the

second step 180 ml NaHCO3 (0.5 M) was added to

the soil pellet remaining in the centrifuge bottle from

the previous step. The pellet was resuspended before

the bottle was placed on a shaker for 18 h and

thereafter centrifuged for 15 min. Forty millilitres of
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Fig. 1 Schematic graph of soil microbial respiration kinetics

before and after substrate addition. Basal respiration (BR) is the

mean value of 20 hourly measurements. Glucose (Glu) ? P or

Glu ? N were added in excess to the soil samples as described

in the text, in a duplicate vessel a limited amount of N (DN) or

P (DP) was also added to the excess Glu ? P or Glu ? N

respectively. Maximum respiration rate is assumed to occur

when N (for Glu ? P) or P (for Glu ? N) limits further

microbial growth. The additions of DN/DP lead to an increase

in maximum respiration rate compared to only adding

Glu ? P/Glu ? N, which can give a further indication on the

nature of nutrient limitation. The substrate-induced respiration

(SIR) is the respiration rate immediately after substrate

addition. Lag-time is defined as the time it takes for the

microorganisms to start to grow exponentially after substrate

addition. The exponential growth phase is expressed as the

slope of log respiration rate versus time
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the supernatant was saved in a freezer for analysis

and the rest was discarded, leaving the soil pellet in

the bottle. We extracted the soil pellet remaining

from step 2 with NaOH (0.2 M), using the same

procedure as described for NaHCO3 extraction in step

2. In the fourth step 180 ml HCl (1.0 M) was added

using the same procedure as described in Step 2. To

determine the residual P fraction, the soil remaining

from Step 4 was washed with 180 ml deionised water

through shaking for 1 h. The solution was centri-

fuged, the water discarded and the residual fraction

left to air dry.

All extractants were analysed for molybdate

reactive P using a flow injection analyzer (FIAstarTM

5000 Analyzer, FOSS Analytical AB, Höganäs,

Sweden). We assume that this mainly is inorganic P

(Pi). The NaHCO3 and NaOH solutions were filtered

(Millex-HV 0.45 lm, Millipore, Molsheim, France)

prior to analysis thereafter amended with sulphuric

acid (20 ll concentrated H2SO4 to 5 ml solution).

Since the HCO3 and NaOH solutions were dark in

colour, the measured P concentration was corrected

by subtracting the effect of the colour in the analysis.

Acidified potassium persulfate (K2S2O8) digestion

was used to determine total P in the HCO3 and NaOH

solutions and Pi analysed as above. The concentration

of organic P was calculated as the difference between

total P and Pi. The residual fraction was determined

by acid digestion with 5 ml H2SO4 (soil-solution

ratio 1:10) in a block digestor (360�C) with H2O2 as a

catalyst. P was analysed as above.

The membrane and NaHCO3 extractable P frac-

tions are assumed to be labile and readily available to

plants and microbes (Cross and Schlesinger 1995).

The NaOH extractable P is assumed to be adsorbed

more strongly to Al and Fe complexes and the

organic P (Po) is assumed to be more resistant

compared to the labile fractions, but still available

over an intermediate time scale (Cross and Schle-

singer 1995). The HCl fraction contains occluded Pi

and the residual fractions contain both occluded Pi

and more stable organic Po. These P forms are

considered unavailable to plants and microbes except

possibly over a very long time scale (Cross and

Schlesinger 1995).

Total C and N in each soil sample were determined

after drying a subsample (70�C, 3 days) and milling

with a ball mill, using a Perkin Elmer Elemental

CHNS analyzer. Total P is calculated as the sum of Pi

and Po in the five extraction steps above. Total

microbial biomass C, N and P was determined through

fumigation extraction. For C and N the extraction

followed Vance et al. (1987) as modified by Daly and

Wainiqolo (1993) and Sparling (1994). Fumigated

and non-fumigated soil samples were extracted with

0.5 M K2SO4 in order to estimate microbial biomass

C and N. Extractable C and N was then determined

with a TOC analyser. For microbial biomass N there

was an additional step of converting all of the N into

inorganic forms suitable for analysis. This was done

through oxidizing extractable organic N with K2S2O8

by heating in an autoclave (Ross 1992). For estimating

microbial biomass P, the soil was fumigated with

CHCl3, using 0.5 M NaHCO3 for Pi extraction

(Brookes et al. 1982; Hedley et al. 1982). To estimate

the microbial biomass C, N and P, the increase in C, N

or P in the fumigated sample was divided by a factor

to correct for the assumed efficiency of microbial

biomass extraction. Extraction efficiency for C, N and

P was assumed to be 41, 45 (Jenkinson 1988) and 40%

(Brookes et al. 1982) respectively.

Data analyses

Individual islands were used as the basis of replication

for all analyses. The effect of island size class on

respiration parameters, soil phosphorus forms, and soil

and microbial C, N and P concentrations was tested

using one-way ANOVA. The effect of additions of DN

or DP, and island size class on microbial respiration

parameters was analysed using two-way ANOVA.

Two-way ANOVA was also used to analyse the

difference between Glu ? N and Glu ? P additions

on maximum respiration, growth rate, lag phase and

time to maximum respiration, with these respiration

parameters as independent variables and Glu ? N or

Glu ? P addition and island size classes as factors.

The relationships between microbial response vari-

ables and soil chemical data were analysed using

multiple stepwise regression, in which variables were

entered when probability of F was less or equal to 0.05.

As more variables are entered stepwise into the

regression the probability of F for a previously entered

variable can change, and when this happened variables

were removed if their influence on the dependent

variable had a probability of F higher than or equal to

0.10. The relationships between humus C:N and N:P
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ratios with islands size and times since fire was

analysed with linear regression. All data was analysed

using SPSS 12.0.1 for windows (SPSS, Chicago, IL,

USA). When necessary, data was log-transformed to

fulfil the assumptions of normality and homogeneity of

variance required for parametric analyses.

Results

Microbial respiratory responses to N and P

additions

Across all islands, the lag time for the microbial

community (i.e., the time from substrate addition to

when the microbes begin to access the added

nutrients and start the exponential growth phase)

was significantly longer for the Glu ? N addition

treatment (on average 22 h) than for the Glu ? P

addition treatment (average of 9 h) (F1, 28 = 217,

P \ 0.001) (Fig. 2). The duration of the lag time was

not significantly different between island size classes

(Table 1). Addition of a limited amount of P, i.e., DP,

significantly reduced the lag time, but this effect was

not dependent on island size class (Table 1).

The maximum respiration rate was four times

higher after addition of Glu ? N than after addition

of Glu ? P when averaged across all island size

classes (Fig. 2). There was a significant difference in

maximum respiration rate between island size classes

(Table 1). After addition of Glu ? N, maximum

respiration was significantly lower on small than on

medium islands, while addition of Glu ? P gave

significantly lower maximum respiration on small

islands than on both medium and large islands

(Figs. 3, 4a). Addition of DN and DP both caused

significantly higher maximum respiration across all

island size classes (Table 1; Fig. 4a). Time to max-

imum respiration was significantly less for soils

amended with Glu ? P (on average 44 h) than for

samples with Glu ? N addition (on average 64 h)

(F1, 28 = 784, P \ 0.001) (Fig. 2). The time to reach

maximum respiration following Glu ? N addition

was significantly longer for small islands than for

medium or large islands (Table 1, Fig. 4b). Additions

of DN and DP both significantly reduced the time

required to reach maximum respiration, and there was

an almost significant interactive effect between island

size and DN addition (Table 1). The average growth

rate in the exponential growth phase was significantly

lower in soils amended with Glu ? P (0.013 h-1)

than with Glu ? N (0.031 h-1) (F 1, 28 = 156,

P \ 0.001) (Figs. 2, 3), and the difference between

Glu ? P and Glu ? N amendments was significantly

smaller on small than on large islands (F1, 28 = 4.7,

P = 0.013). Growth rate was significantly lower on

small islands than on medium islands after addition

of Glu ? N, but growth rate after Glu ? P addition

was unaffected by island size class (Table 1)

(Fig. 4c). Additions of both DP and DN significantly

increased growth rate (Table 1), on average by 11

and 100% respectively but these increases were not

significantly different between island size classes

(Table 1, Fig. 4c). The growth rate for samples

amended with Glu ? N was negatively related to

humus depth on the islands (R2 = 0.255, P = 0.004,

(a)
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Fig. 2 Soil microbial respiration kinetics after addition of

glucose (Glu) ? P and Glu ? N for (a) large islands, (b)

medium islands, and (c) small islands. Each value represents

the average respiration for the 10 islands in each size class. The

end of the lag phase is indicated for each island size and

treatment (i.e., Glu ? P: 9.3, 9.1, 9.0 h and Glu ? N: 21.8,

22.8, 20.7 h for large, medium and small islands respectively)
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n = 30), while growth rate after the other three

addition treatments (Glu ? N ? DP, Glu ? P and

Glu ? P ? DN) did not show a significant relation-

ship with humus depth. Basal respiration was signif-

icantly higher on medium islands than on small and

large islands (Fig 4d) and SIR did not differ between

island size classes (data not presented).

Soil and microbial C, N and P

For the sequential P extraction, residual P was the

largest single fraction present, and averaged over all

islands it accounted for 47% of total P; this fraction

did not differ significantly across island size classes

(Fig. 5). The second largest P fraction was NaOH

extractable Po, which represented 24% of total P

across all islands. The concentration of this pool was

significantly higher on medium islands than on large

islands (Fig. 5). Membrane extractable P occurred in

significantly higher concentration on medium than on

small islands and tended to also be lower compared to

large islands though not significantly so (P = 0.13)

(Fig. 5). The labile inorganic P (membrane and

NaHCO3 extractable P) was significantly lower on

small islands (23% of total P) than on the medium or

large islands (28% for both size classes). The

NaHCO3-extractable Po fraction was significantly

higher on medium than on small islands (Fig. 5),

while the NaOH and HCl extractable P did not differ

significantly between island size classes (Fig. 5).

Total soil N concentration in the top 0.1 m of the

humus layer was significantly higher on small than on

large islands, but neither total C nor total P differed

significantly between island size classes (Table 2).

The ratio of C to N was significantly higher on large

than on small and medium islands (Table 2), and was

positively related to island size and negatively related

to time since fire (Fig. 6). The ratio of soil N to P was

significantly higher on small than on medium or large

islands (Table 2), and was negatively related to island

size and positively related to time since fire (Fig. 6).

Microbial tissue C and N concentrations, and C:N

and C:P ratios, did not differ significantly between

island size classes (Table 2). However, microbial P

concentration was significantly higher on medium

islands than on small and large islands. Consequently

the ratio of microbial N:P was significantly higher on

small and large islands than on medium islands

(Table 2).

Relations between microbial and chemical

measurements

According to the stepwise regression analysis, labile P

was the most important independent variable predict-

ing both microbial biomass nutrient concentrations

and those microbial parameters linked to respiration

kinetics (Table 3). All significant relationships involv-

ing labile P were positive, except for time to maximum

respiration (Table 3). Humus C:P was another impor-

tant independent variable which was positively related

to microbial biomass nutrient concentrations, and

negatively related to respiration kinetic parameters

(Table 3). Sodium hydroxide extractable P, which is

obtained in the step of the P extraction that follows the

steps which yield labile Pi, did not show significant

relationships with any independent variable in the

stepwise regression analysis. Basal respiration was

Table 1 ANOVA results (F values with P values in brackets)

testing for the response of microbial respiration variables to

island size class, the addition of a small amount of limiting

nutrient (DN to C ? P and DP to C ? N), and the interaction

between these two factors

Island size category Addition of DP or DN Interaction term

Lag time (h) Glu ? P 0.16 (0.853) 20.0 (\0.001)* 0.42 (0.659)

Glu ? N 0.85 (0.432) 5.32 (0.025)* 0.70 (0.500)

Growth rate (log (CO2 mg-1 h-1)) Glu ? P 2.95 (0.061) 46.55 (\0.001)* 2.02 (0.143)

Glu ? N 14.1 (\0.001)* 5.82 (0.019)* 0.77 (0.468)

Time to max respiration (h) Glu ? P 3.00 (0.058) 23.7 (\0.001)* 0.152 (0.859)

Glu ? N 16.1 (\0.001)* 9.70 (0.003)* 2.75 (0.073)

Max respiration (CO2 mg g-1 h-1) Glu ? P 10.9 (\0.001)* 1,358 (\0.001)* 1.45 (0.245)

Glu ? N 33.7 (\0.001)* 123.3 (\0.001)* 1.17 (0.318)

* P \ 0.05
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negatively related to the microbial biomass N:P ratio

(R2 = 0.556, P = 0.003).

Discussion

Effects of fire history on P forms and availability

We hypothesized that concentrations of total P and

the most stable organic P forms would be highest on

small islands which have undergone retrogression as

a consequence of the extended absence of wild fire

and which show impairment of ecosystem processes

such as production, decomposition and nutrient fluxes

(Wardle et al. 1997, 2003). However, there was an

unexpected lack of variation in the most stable P

forms (specifically NaOH extractable and residual P)

between island size classes. These results therefore

show that the major forms of P in the 0–0.1 m humus

layer as defined by the Hedley fractionation remain

remarkably invariant across ecosystems that differ

greatly in fire history. As the first study on the effect

of very long-term fire history on P in boreal forest

humus, our results demonstrate that geochemical
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Fig. 4 Microbial parameters obtained from respiration kinet-

ics for large, medium and small islands (10 islands per size

class). Within each group of three histogram bars, bars topped

with the same letter are not significantly different from each

other at P = 0.05 (Tukey’s test). a Maximum respiration rate

(max resp.). b Time lag to maximum respiration rate after

glucose and nutrient additions. c Exponential growth rate, i.e.,

the slope of the log-transformed respiration rate plotted against

time during the exponential growth phase. d Basal respiration

rate for 1 g of organic matter (basal resp.)
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processes likely play only a minor roll in promoting

ecosystem retrogression in the boreal forest. This is in

contrast with previous studies that have found

residual P to increase substantially with soil age in

temperate and subtropical chronosequences during

retrogression (Walker and Syers 1976; Crews et al.

1995; Turner et al. 2007), and may be because

retrogression occurs over a somewhat shorter time-

scale in the boreal forest zone (Wardle et al. 2004a).

Despite the lack of variation of the most stable P

forms across island size classes, we found a lower

concentration of labile P on small islands compared to

medium islands, consistent with earlier studies show-

ing a decrease in biologically available P during

retrogression (Walker and Syers 1976; Crews et al.

1995; Turner et al. 2007). This response of labile P

concentrations to island size is most likely associated

with biologically driven processes. Release of P in

these humus soils is governed by enzymatic degrada-

tion of organic P and soil enzymatic activity will

therefore affect the concentrations of labile P. The

efficiency of the enzymatic activity in turn depends on

the degradability of the organic P present, and the

lower litter quality previously observed on small

islands (Wardle et al. 1997, 2003, 2004a) may

therefore have a negative effect on litter P release.

Another possible explanation for lower labile P

concentrations on small islands could be a higher

plant or microbial demand for P. The dominance of

biological sinks or sources of P and absence of
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Fig. 5 Concentrations of different P fractions per kg (d.w.) of

humus on large, medium and small islands (10 islands per size

class) as determined by Hedley P fractionation. Within each

group of three histogram bars, bars topped with the same letter
are not significantly different from each other at P = 0.05

(Tukey’s test). F-values, with P-values in brackets, for the one-

way ANOVA: residual P: 2.00 (0.154); NaOH extractable Po:

4.63 (0.019); membrane extractable Pi: 3.67 (0.039); NaHCO3

extractable Po: 4.89 (0.015); NaHCO3 extractable Pi: 1.54

(0.234); NaOH extractable Pi: 0.24 (0.785); HCl extractable Pi:

0.73 (0.492)

Table 2 Soil and microbial biomass C, N and P data in response to island size class

Island Size Classes

Large Medium Small F and P level

Humus C (%) 51.7 ± 0.35 51.3 ± 0.33 51.4 ± 0.4 0.24 (0.791)

Humus N (%) 1.28 a ± 0.06* 1.46 ab ± 0.04* 1.59 b ± 0.07* 8.72 (0.001)*

Humus P (%) 0.087 ± 0.005 0.097 ± 0.003 0.091 ± 0.003 1.56 (2.223)

Humus C:N (%) 41.0 a ± 1.7* 35.3 b ± 0.8* 32.8 b ± 1.2* 10.79 (\0.001)*

Humus C:P (%) 600 ± 30.5 532 ± 15.9 556 ± 19.6 2.23 (0.127)

Humus N:P (%) 14.7 a ± 0.5* 15.1 a ± 0.5* 17.5 b ± 0.8* 5.65 (0.009)*

Microbial C (mg kg-1) 4,025 ± 310 3,711 ± 276 3,581 ± 120 0.84 (0.445)

Microbial N (mg kg-1) 561 ± 45.1 537 ± 53.3 461 ± 26.3 1.31 (0.287)

Microbial P (mg kg-1) 329 a ± 29.7* 545 b ± 52.2* 298 a ± 24.4* 11.67 (\0.001)*

Microbial C:N ratio 7.4 ± 0.3 7.4 ± 0.8 7.7 ± 0.2 0.04 (0.961)

Microbial C:P ratio 12.9 a ± 1.1* 7.2 b ± 0.9* 12.2 a ± 0.9* 10.97 (0.001)*

Microbial N:P ratio 1.7 a ± 0.1* 1.0 b ± 0.1* 1.6 a ± 0.1* 9.93 (0.001)*

The values are means ± SE (n = 10 islands for each size class). F and P levels are derived from one-way ANOVA testing for effects

of island size

Within each row, numbers followed by the same letter are not significantly different at P = 0.05 (Tukey’s test). Ratios are based on

mass

* P \ 0.05
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Fig. 6 Relationships

between humus C:N, C:P

and N:P mass ratios, and

island size (an indicator of

long term fire history, where

fire frequency increases

with island size) and time

since last fire as determined

from C14 dating of charcoal

(Wardle et al. 2003)

Table 3 Results from stepwise linear regression testing for relationships between microbial or respiration kinetic properties as the

dependent variables and soil abiotic properties as the independent variables

Dependent variable Independent variable(s)a Adj. R2 P

Microbial biomass N Highly labile Pb (?) 0.252 0.003

P Highly labile P (?) 0.319 0.001

N: ratio Soil C:P ratio (?) 0.235 0.005

C:P ratio Soil C:P ratio (?) 0.331 0.001

Respiration kinetics Basal respiration Highly labile P (?) 0.738 \0.001

SIR Glu ? Pc Highly labile P (?) 0.336 \0.001

SIR Glu ? Nc Highly labile P (?) 0.412 \0.001

Maxresp Glu ? Pd C:P ratio (-) 0.514 \0.001

Maxresp Glu ? Nd Highly labile P (?) 0.483 \0.001

Tmax Glu ? Ne Highly labile P (-) 0.195 0.008

Tmax Glu ? Pe Highly labile P (-) 0.104 0.046

Only independent variables that explained a statistically significant amount of variation for each dependent variable at P = 0.05 are

presented in the table
a Signs (? and -) indicates a positive or negative relationship between the dependent and the independent variable
b Highly labile P = membrane extractable ? NaHCO3 extractable P
c SIR Glu ? P and SIR Glu ? N = Substrate induced respiration after addition of glucose (Glu) and either P or N
d Maxresp Glu ? N and Maxresp Glu ? P = Maximum respiration rate after addition of glucose (Glu) and either P or N
e Tmax Glu ? N and Tmax Glu ? P = time from glucose (Glu) and nutrient (either N or P) addition to maximum respiration
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geochemical sinks in the humus layer is in accordance

with the findings of Wood et al. (1984). Variation in

surface sorption across island size classes in contrast is

unlikely to be important in explaining these results. In

particular, NaOH extractable Pi binds strongly to Al

and Fe compounds and high levels of this P form are

usually indicative of high surface sorption (Giesler

et al. 2004), while for all our samples there was a low

amount of NaOH extractable Pi.

The absence of difference between island size

classes in the dominating P forms (i.e., residual and

NaOH extractable organic P) suggests that there is a

rather rapid replacement of P lost through fires. The

main source for build-up of organic P in the humus

layer is plant litter and this lack of difference suggests

that plants, presumably trees, can take up P from the

mineral soil to compensate for the lost P. Further, even

though the wet-chemical extraction procedures that we

used did not reveal significant differences between

island size classes, qualitative differences in the

organic P fractions may still exist. The lower microbial

growth rates on the smaller islands (Fig. 4) may be

related to organic P being less available. Demetz and

Insam (1999) found that microbial growth rate was

related to P availability and we expect that similar

effects could be caused by variations in organic P

quality. However, more detailed studies on both

enzymatic activity of P degrading enzymes and

organic P quality using for instance 31P-NMR are

needed in order to untangle the causes of the small but

still lower labile P concentrations on small islands.

Microbial nutrient limitation

Microbial respiration after nutrient additions did not

reveal any evidence of a higher microbial P demand

on small islands. The response to addition of P in the

presence of excess N and C was not stronger on small

islands, as would have been expected if microbes on

small islands were relatively more limited by P

compared to on larger islands. This was further

supported by the microbial biomass N:P ratio. Recent

evidence suggests that the N to P ratio of the soil

microbial biomass can be used for detecting relative

microbial nutrient limitation (Cleveland and Liptzin

2007). All islands had microbial biomass N:P ratios

within the range typical of limitation by N rather than

by P (Cleveland and Liptzin 2007). In addition, the

lack of significant difference in the microbial biomass

N:P ratio between island size classes suggests that

relative limitation of N and P was the same across

island size classes. That N is the main limiting

nutrient in the studied system is also supported by the

much stronger respiration responses to N additions

compared to P additions across all island size classes.

The absence of difference in microbial N:P ratio

across island size classes contrasts with what we found

for humus N:P ratios, which were higher on small

islands. The ratio of N to P in soil has also been widely

used to predict nutrient limitation in terrestrial systems

(Koerselman and Meuleman 1996; Güsewell 2004;

Reich and Oleksyn 2004; Richardson et al. 2004;

Wardle et al. 2004a; Coomes et al. 2005; Parfitt et al.

2005), and is known to increase during retrogression in

subtropical and temperate chronosequences (Richard-

son et al. 2004; Wardle et al. 2004a; Coomes et al.

2005). The increase in humus N:P ratio on smaller

islands is mainly a result of increasing humus N

concentration caused by elevated rates of biological N

fixation during retrogression (Lagerström et al. 2007)

and reduced rates of N release during decomposition

(Wardle et al. 1997). There is an obvious lack of a

relationship between the microbial N:P ratios and the

humus N:P ratios. Opposite trends in humus N:P ratios

and microbially available P has previously been

demonstrated in the boreal forest and are best

explained in terms of the relative amounts of the

different P forms present rather than the humus N:P

ratio (Giesler et al. 2004). Despite the obvious lack of

difference in major P forms across island size classes,

the size of the labile P pool frequently served as the

best predictor of a range of microbial respiration

parameters, notably basal respiration. This indicates

that P availability may still exert some influence on

microbial activity in our study system despite it being

primarily N limited, and is consistent with the concept

of multiple resource limitation of microbially driven

processes within ecosystems (Kaspari et al. 2008).

Ecosystem loss of P during absence of fire

The lack of differences in total P concentrations across

the island size classes is interesting as there must be

large differences in the total P stored in the humus

through large islands having much shallower humus

than smaller ones (Wardle et al. 2003). If we assume

that that the interval between fires on the large islands

is around 200 years (Wardle et al. 2003), then the
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larger islands have burned about 25 times in the past

5,000 years, compared to none or only a few fires over

this period for the small islands. An estimate of total

humus P pool for large islands would be 90 kg P ha-1

(assuming a bulk density of 100 kg m-3, a total P

content of 0.087% and an average humus thickness of

0.1 m). Given the deeper humus on the small islands,

and assuming that P concentrations do not differ

greatly with depth, the total humus P pool for the small

islands would be in the order of 600 kg P ha-1

(assuming a bulk density of 100 kg m-3, a total P

content of 0.091% and an average humus thickness of

0.65 m). This suggests that the amount of ecosystem

loss of P due to wildfire on the large islands over the

past 5,000 years could be as high as 500 kg ha-1.

Large losses of P from the ecosystem would result in P

depletion, and eventually in a reduction of P concen-

tration in the humus layer over the long term.

However, soils in the boreal zone, including in our

study system, are relatively young from a global

perspective (less than 10,000 years since the retreat of

the last glacial ice). Therefore there may have been

insufficient time for P losses caused by regular burning

to result in reduced P concentration or greatly altered

composition of P forms in the humus.

Replenishment of P from parent material to com-

pensate for losses due to fire on the large islands must

contribute to delaying P depletion in the humus layer

over this timeframe. This is interesting since it implies

that plants (presumably trees) will over time shift their

utilization of P in the mineral soil to less available P

forms or to deeper soil layers in order to replenish P in

the humus layer. This is enforced by a rapid depletion

of primary mineral P in the mineral surface soil (see

Hoffland et al. 2002), and podzol formation increasing

the geochemical sinks for P (Starr 1991; Hoffland et al.

2002). These processes are relatively rapid and occur

within a time frame of \2,000 years (B horizon

formation within 500 years). During the last few

centuries fire regimes in the Swedish boreal zone have

changed with wild fires being less frequent (Niklasson

and Granström 2000). Today, nutrient losses (includ-

ing P) in the boreal zone are instead governed mainly

by forest harvesting. These nutrient losses have been

suggested to potentially cause a P limitation in

Swedish boreal forests, though assuming that root

uptake is limited to the upper 0.5 m including the

humus layer (Akselsson et al. 2008). Our study shows

that such assumptions may be too simplified and that

there is a large capacity to replenish even relatively

large losses over time. The absence of difference in

total P concentration between the different island

classes also suggests continuous replenishment of P

via plant uptake on the small islands. On those islands,

trees with deeper roots may still be able to obtain P

from the underlying mineral soil and parent material,

and input P to the upper parts of the humus layer via

litter-fall.

Conclusions

This is, to our knowledge, the first study that has

explored the long-term effect of different wildfire

regimes on soil P concentration and availability in the

boreal forest. Our results suggests that within the

studied time frame (5,000 years), retrogression in

these boreal forest sites is primarily driven by

biological processes rather than P-limitation induced

by geochemical processes. Ecosystem losses of P due

to wildfire, such as occurs on the large islands, can be

replenished in the humus layer in the boreal forests

without any dramatic changes in P forms or total P

concentrations, at least in the first few 1,000 years

following soil formation. This is in accordance with

the general assumption that phosphorus is unimpor-

tant in boreal ecosystems because of the strong

domination of N limitation in the boreal zone (Rees

et al. 2001; Chapin et al. 2002). However, though we

do not find strong evidence of microbial P limitation,

either for regularly burnt large islands or for small

islands that have undergone retrogression, this study

has nevertheless observed some trends towards

decreased P availability during retrogression. While

the effect of P availability on microbial activity

during retrogression is likely to be weaker than that

of declining N availability, our study has showed that

it can nevertheless contribute to the impairment of

microbial activity during retrogression, and therefore

presumably microbially driven processes such as

decomposition and mineralization. This may in turn

feed back to the plant community (Wardle et al.

2004b) and contribute to the reduction in plant

productivity characteristic of ecosystems that have

undergone retrogression (Walker et al. 2001, 2004a;

Walker and Reddell 2007).
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