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Abstract The natural soil N supply in volcanic soils

(Andisols) can be a significant source of plant-

available N for agro-ecosystems. Nevertheless, inten-

sive farming systems in south Chile apply high

fertilization rates, which lead to high production costs

and involve a risk for adverse ecosystem effects. In

order to achieve sustainable land management, a

better understanding of the processes that govern soil

N availability and loss, and their external drivers, is

required. In this study, we selected a winter-cropland,

a summer crop-winter fallow rotation, and a forest,

used as a reference ecosystem. Gross N transforma-

tions (15N isotope dilution) and microbial community

structure (phospho-lipid fatty acid analysis) in the

topsoil were determined. Gross N mineralization was

about ten times lower in the agro-ecosystems than in

the forest, while gross nitrification was low in all

sites. Gross N immobilization equalized or exceeded

the gross inorganic N production in all sites. Micro-

bial biomass was 3–5 times more abundant in the

forest than in the agro-ecosystems. A positive rela-

tionship between the ratio fungi/bacteria and total

microbial biomass was observed in these Andisols.

We suggest that the reduction in fungal biomass

induced a lower extracellular enzyme production and

limited soil organic matter depolymerisation in the

agro-ecosystems. We conclude that soil N cycling

was unable to provide a significant N input for the

croplands, but also the risk for ecosystem N losses

was low, even under fallow soil conditions. Current

fertilization practices appropriately anticipated the

soil N cycling processes, but further research should

indicate the potential of alternative land management

to reduce fertilizer cost.

Keywords Andisol � 15N isotope dilution �
Phospho-lipid fatty acid (PLFA) � Fungi �
Chile � Cropland

Introduction

Andisols cover a main part of the agricultural and

forest land in south central Chile (71–73�W,

39–44�S, 4.5 million ha). The soil organic matter

(SOM) of these Andisols is typically predominated
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by humic acids with the highest degree of humifica-

tion (type A humic acid), and is complexed with

active Al and Fe in the soils (Nanzyo et al. 1993;

Nierop et al. 2005). These characteristics explain why

Andisols have high carbon (C) and nitrogen (N)

contents, but low rates of C turnover, relative to other

soil types (Torn et al. 1997). Nevertheless, Shoji et al.

(1993) indicated that the natural soil N supply in

Andisols can be a significant source of plant-available

N in cropping ecosystems. For example, soil derived

N taken up by winter wheat and corn amounted to

62–101 kg N ha-1 in Japanese Andisols.

In volcanic soils of south central Chile, agricultural

practices, including fertilization and cropland rotation,

are known to reduce the quantity of soil C and N

relative to native forest, without altering the SOM

quality. Borie et al. (2002) and Heredia et al. (2007)

indicated that the contribution of different SOM

fractions (humin, humic acids, fulvic acids, low

molecular organic molecules) to total SOM varied

only to a small extent across a wide range of volcanic

soil series and land-use classes. In their study, topsoil N

varied between 0.54 and 1.16%, but low molecular

organic molecules only made up a small percentage of

total SOM (\20%, Borie et al. 2002). These results

indicate that, independent of land-use, total soil N

contents are high, but most of the N is stabilized in

recalcitrant and complexed SOM fractions. Next to

changes in SOM, land management also exerts a strong

influence on the microbial soil community, which may

feed back on functional processes in the N cycle (Zak

et al. 2003). Hence, microbial soil N cycling processes

such as N mineralization, N nitrification, and N

immobilisation may be altered as a result of land

management (Rhoades and Coleman 1999).

In south central Chile, uncertainty in both plant N

demand in relation to its growth potential and soil N

supply leads some farmers to adopt high fertilization

strategies. Intensively managed south Chilean agro-

ecosystems are typically fertilized with N rates in the

range of 100–300 kg N ha-1 year-1 (Bernier and

Undurraga 2009; Cartes et al. 2009). As such, fertilizer

cost amounts up to one-third of total expenses for

farmers (Campillo et al. 2007). These fertilizer N

supplies are currently even further increasing because

of agricultural intensification (FAO 2009). In many

industrialised countries, the increased fertilizer N use

has led also to a number of environmental problems

(Galloway et al. 2003). As a result, increased N

leaching, associated loss of soil nutrients, acidification

of soils and water bodies, elevated greenhouse gas

emissions, contamination of ground water, and transfer

of N to estuaries and coastal oceans have frequently

been documented (Matson et al. 1997). Also in south

central Chile, adverse ecosystem effects have already

been documented. E.g. Alfaro et al. (2006) indicated

leaching losses of up to 261 kg N ha-1 year-1 after

inorganic fertilizer additions in intensively managed

grassland ecosystems (but see Salazar et al. 2008 for

contrasting results). Mora et al. (2007) documented

significant decreases in soil pH as a result of urea

fertilizer applications. Finally, Oyarzún and Huber

(2003) indicated that the contribution of NO3
- to total

stream N concentrations was higher in watersheds used

for agriculture (73%) than in watersheds covered by

native forest vegetation (50%).

In order to achieve sustainable land management, a

better understanding of the processes that govern soil

N availability and loss, and their external drivers, is

required for these volcanic soils. To the best of our

knowledge, no information on gross soil N transfor-

mation pathways has been documented for south

Chilean agro-ecosystems. Even worldwide, published

results of gross N fluxes in agro-ecosystems located

on volcanic Andisols are scarce. Notwithstanding,

detailed information on soil N cycling in south

Chilean forest ecosystems is available (Perakis and

Hedin 2001; Huygens et al. 2008). Studies in these

ecosystems indicated very high gross NH4
? produc-

tion (up to 42 lg N g-1 day-1), but also a suppression

of autotrophic nitrification as a result of strong

competition for available NH4
? by abiotic immobi-

lization processes and NH4
? assimilating heterotro-

phic microorganisms (Huygens et al. 2007). As a

result, inorganic N losses via leaching or gaseous N

emissions are negligible in these forest ecosystems.

Nevertheless, Perakis et al. (2005) observed that when

external N inputs were increased to levels above

160 kg N ha-1 year-1, N retention in the forest soil

matrix strongly declined, leading to substantial NO3
-

leaching losses. This effect was attributed to a reduced

assimilation of inorganic N by microbial biomass and/

or a decrease in abiotic reactions between inorganic N

and SOM. All this indicates the potential of south

Chilean volcanic soils as a significant source of plant

N supply for agro-ecosystems, but also the risk for

significant N losses when external N inputs are

increased.
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This study aims to bring a first assessment of soil N

cycling in agro-ecosystems and pristine forests,

located in south central Chile (a low-fertilized winter

cropland (WC), a summer crop—winter fallow rota-

tion with a history of high fertilizer N application

during summer (CF), and a pristine forest (PF)). We

compare site-differences in gross N cycling rates as a

function of inherent microbial community structure,

assessed by phospho-lipid fatty acid (PLFA) analyses.

The latter analysis allows determining the abundance

of microbial groups which have a differential microbial

physiology and functional role in the soil N cycle. We

aspire to provide information that helps to improve

agricultural management decisions and to limit

adverse ecosystem effects such as N leaching.

Materials and methods

Study sites

All study sites are located in central south Chile on

the same soil type (Diaz et al. 1960; Tosso 1985),

classified as Typic Hapludands (Soil-Survey-Staff

2006) or Silandic Andosols (IUSS-Working-Group-

WRB 2006). The natural vegetation of south central

Chile used to be temperate rainforest, with Laurelia

spp. and Nothofagus spp. as main emergent tree

species. No exact details of forest-to-agricultural land

conversion have been documented, but most old-

growth forest clearing in this region occurred about

150 years ago during the German colonization

period. The low-fertilized winter cropland site

(WC) is located at the experimental site ‘‘La Pampa’’

(40�520S, 73�120W, 91 m.a.s.l) of the National Insti-

tute for Agricultural Research (INIA-Chile). The

average annual temperature equals 11.0�C. Mean

annual precipitation is 1600 mm, with 70% of the

rain concentrated in winter (April–September). Long-

term site history, recorded in INIA logbooks, docu-

ments crop-grass rotational management, including

potato, wheat and annual ryegrass rotation. Winter

wheat (Triticum aestivum L.) covered the surface at

the moment of soil sampling (September, beginning

of Austral spring). The site was fertilized just before

crop establishment (May, 2007) with about 20 kg

urea-N ha-1. Over the last years, fertilization N

supply averaged about 100 kg N ha-1 year-1, typi-

cally applied as urea. The summer crop—winter

fallow rotation site (CF) is located at the experimen-

tal study site ‘‘Remehue’’ of the INIA (40�310S,

73�030W, 65 m.a.s.l.), with similar climate conditions

as WC. CF history documents rotational long-term

management of wheat, barley, potato, corn and oat.

At the time of sampling (September, beginning of

Austral spring), the soil surface was left fallow after

summer cultivation of forage corn (Zea mays L.). The

CF site has a long-term NPK fertilization ([10 years)

history with an average annual N supply of 180 kg N

ha-1 year-1. The fertilizer supply (50% urea, 50%

NH4NO3) is added in two doses over the year; about

one-third just before crop establishment (November),

and the remaining two-thirds during late summer

(February). The pristine forest site (PF) is located in

the National Park Puyehue (40�470S, 72�120W,

400 m.a.s.l.), at the foot of the Andes mountain

range. This National Park constitutes one of the few

remnants of old-growth rainforest ecosystems in the

region. Due to the higher altitude, climate conditions

are somewhat different from WC and CF; average

precipitation equals about 3000 mm, while mean

annual temperature is about 8�C. This forest is locally

known as a Valdivian rainforest, and is dominated by

evergreen trees such as L. philippiana, N. dombeyi,

Saxegothaea conspicua, and Drimys winteri.

Soil sampling

Three sampling plots (10 9 10 m) were established

at each study area (200 9 200 m site). A composite

sample, consisting out of three randomly selected soil

subsamples, was taken in each plot. The composite

soil samples were considered as replicates (n = 3 for

each site). Samples were taken from the top soil layer

(0–10 cm) at the beginning of the Austral spring

(September) in all study sites. In PF, the recognisable

plant material (Oi ? Oe layer) was removed before

sampling. Gravimetric soil water contents of field-

wet soil samples varied between 43 and 55% (m/m).

Bulk densities were determined using steel cylinders

(Klute 1986). After transport to the laboratory, soils

were homogenized and recognizable plant and stone

material was removed by hand-picking. For each site

and replicate, the samples were divided into four

subsamples. Subsample (a) was oven-dried (65�C,

48 h) for the determination of gravimetric soil water

content and total recovery of 15N material, (b) was

air-dried and used for the determination of physico-
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chemical soil characteristics, (c) was freeze-dried for

PLFA determination; (d) was gradually dried

(*5 days) to a soil water content of 50% water-

filled pore space (WFPS) for 15N incubation exper-

iments. Soils were stored during 1–8 days at 5�C

before assessing gross N cycling rates.

Phospholipid fatty acids (PLFA) determination

The PLFA extraction and derivatization method used

in this study has been described in Denef et al. (2007).

Briefly, total lipids were extracted from 6 g of freeze-

dried soil using phosphate buffer/chloroform/metha-

nol at a 0.9:1:2 ratio and partitioned into neutral,

glyco- and phospho-lipids by solid phase extraction.

Phospholipids were methylated by mild alkaline

methanolysis (using methanolic KOH) to form fatty

acid methyl esters (FAMEs), which were analyzed by

capillary gas chromatography–combustion-isotope

ratio mass spectrometry (GC–c-IRMS) via a GC/C

III interface (GC, Thermo Scientific, Germany; IRMS,

DeltaPLUS XP, Thermo Scientific, Germany) as

described by Denef et al. (2007). The maximum

number of PLFA peaks that were detected was 26, but

only 18 were selected for quantification because of

their known presence in bacteria and fungi. We

determined the ratios of the peak area of each

individual PLFA to that of 16:0, a universal PLFA

occurring in the membranes of all organisms. PLFA

ratios less than 0.02 were excluded from the data set

(Drijber et al. 2000). Total PLFA-C was used as in

indicator for total microbial biomass (Zelles 1999).

PLFA 18:1x9c and 18:2x6,9 were used as an indicator

of fungal biomass (Zelles 1999; Chung et al. 2007),

while a summation of PLFAs 14:0, i14:0, 15:0, i15:0,

a15:0, i16:0, 16:1x7c, Me10–16:0, 17:0, i17:0, a17:0,

Me10–17:0, cy17:0, 18:0, Me10–18:0, and 18:1x7c

was used as an indicator for bacterial biomass (Krop-

penstedt 1985, 1992; Bååth et al. 1992; Frostegård and

Bååth 1996; Pennanen et al. 1996). Within the bacterial

group, i14:0, i15:0, a15:0, Me10–16:0, Me10–17:0

i17:0, and a17:0 and Me10–18:0i16:0 were specifi-

cally assigned to gram-positive bacteria (Kroppenstedt

1985, 1992; Bååth et al. 1992; Frostegård and Bååth

1996), while 16:1x7c, 16:1x7t, cy17:0, and 18:1x7c

represent the gram-negative bacteria (Bååth et al.

1992; Frostegård and Bååth 1996). Some bacterial

biomarkers (14:0, 15:0, 17:0, and 18:0) were not

assigned to a specific group.

15N isotope dilution experiments

We assessed gross N cycling on disturbed soil samples

in the laboratory, not the field, to separate microclimate

effects (e.g. temperature, soil moisture content) from

inherent microbial community characteristics as driv-

ers for gross N cycling (e.g. Billings and Gaydess 2008;

McKinley et al. 2008). PVC tubes (7 cm diameter,

10 cm height) were filled with field-wet soil, equiva-

lent to 150 g dry soil. Four different cores were

incubated for each site replicate. PVC tubes were

labelled two by two with a NH4Cl–KNO3 solution, of

which one of the two N moieties was 15N labelled (98

atom% excess), introducing the ‘mirrored’ moiety at

natural abundance (i.e. two tubes 15NH4–NO3 labelled,

two tubes NH4–15NO3 labelled). 2.5 lg 15N g-1 soil

was added to each core in a 5 ml aqueous solution.

Homogeneous 15N distribution was obtained by inject-

ing the 5 ml 15N solution (Terumo Europe NV,

Leuven, Belgium) at 5 different spatial points over

the total length of the soil core (Huygens et al. 2008).

One core for each 15N treatment was extracted (1 M

KCl, 60 min) 15 min after 15N application (T0) to

determine initial 15N enrichments, while the second

core were extracted 24 h later (T1). The 1-day incu-

bation experiment was carried out at a constant

temperature of 15�C. Soil extracts were frozen imme-

diately at -22�C, and shipped to the Laboratory of

Applied Physical Chemistry (Ghent University, Bel-

gium) for analysis on NH4
? and NO3

- concentration

and 15N enrichment. Samples were shipped in frozen

state using express courier service (4 day period).

While samples thawed during shipment, they were

never exposed to high temperatures. Gross N miner-

alization, nitrification fluxes, and NH4
? and NO3

-

consumption fluxes were calculated according to

Davidson et al. (1991). Gross NH4
? immobilization

was calculated as the difference between NH4
?

consumption and gross nitrification.

Chemical analysis

Ammonium in the soil extracts was determined

colorimetrically by the salicylate-nitroprusside

method (Mulvaney 1996). Nitrate was determined

colorimetrically via NO2
- reduction and subsequent

imidazole buffered reaction with N-1-napthylethyle-

nediamine. The 15N contents of NH4
? and NO3

-

were analyzed after conversion to N2O (Hauck 1982;
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Stevens and Laughlin 1994), and measured using a

trace gas preparation unit (ANCA-TGII, PDZ

Europa, UK), coupled to an Isotope Ratio Mass

Spectrometer (IRMS) (20-20, SerCon, UK). Solid

soil samples were ground with a planetary ball mill

(PM400, Retsch, Germany) for total nitrogen (TN)

and total carbon (TC) analysis with an elemental

analyzer (ANCA-SL, PDZ Europa, UK), coupled to

an IRMS (20-20, SerCon, UK). Olsen P was deter-

mined by extraction with 0.5 M NaHCO3 at pH 8.5

(Olsen et al. 1954). Olsen P is a measure for plant

available inorganic P levels. Soil texture was deter-

mined using the pipette method (Day 1965). Soil

pHH2O was determined in a 1:2.5 soil:solution ratio

(05669 -20, Cole Palmer, USA).

Statistical analysis

Statistical analyses were conducted in SPSS (SPSS

Inc., version 16.0, Chicago, USA) or the R language

and environment (R software, R Development Core

Team 2009). Statistical differences of means

(P \ 0.05, n = 3) were distinguished using ANOVA

followed by a Duncan’s multiple range post-hoc test.

Principal component analysis (PCA) was used to

identify the most discriminatory effects between

multivariate PLFA microbial community composi-

tion data of the four different sites. At the same time,

a reduction in the data variance (from 18 PLFA

biomarkers to three PCA scores) was obtained in

order to perform MANOVA analysis [condition:

(number of multivariate parameters) \ (number of

sites, including replicates—1)]. MANOVA analysis

(Hotelling Lawley) on the PCA scores of the three

axes determined significant differences in microbial

community composition between sites. Correlations

between gross N transformation fluxes and TC, TN,

and total microbial biomass were performed using

two-tailed Pearson test.

Results

Site characteristics

Total carbon (TC) was almost two times greater in PF

than CF and WC (Table 1). Total nitrogen (TN) was

greater in PF than in CF (?52%) and WC (?73%),

respectively (Table 1). TC and TN contents varied T
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between 15.6 and 7.6%, and 1.11 and 0.64%,

respectively. The C/N ratio was significantly greater

in PF (14.4) than in CF (11.4), while WC (11.9)

showed an intermediate value (Table 1). Also, NH4
?

was about 7 times greater in PF than in CF and WC,

while NO3
- was about 2 times greater in PF than in

CF and WC. Olsen P was about an order of

magnitude greater in the fertilized sites CF and WC

than in PF. This effect could be attributed to P

fertilization in the agro-ecosystems. Soil pH was

significantly greater in WC than in PF, while CF

showed an intermediate value. Historic liming prac-

tices might have increased natural soil pH in the

agricultural sites. Texture was classified as silt loam

for the agricultural sites, and as loam for the PF. Bulk

density was significantly lower in the PF

(0.57 g cm-3) than in WC and CF, which showed

similar values (0.75–0.78 g cm-3). Cation exchange

capacity (CEC) was relatively high at all sites, with

values varying between 49.9 and 58.2 cmol(?) kg-1.

Soil microbial biomass and community structure

Total microbial biomass was about 3–5 times greater

in PF (12.7 lg PLFA-C g-1) than in CF (3.6 lg

PLFA-C g-1) and WC (2.5 lg PLFA-C g-1)

(Table 2). When normalized for TC, microbial bio-

mass (C-normalized microbial biomass) was greater in

PF (80.9 lg PLFA-C g1 C) than in WC (43.6 lg

PLFA-C g-1 C) and CF (33.4 lg PLFA-C g1C). A

similar trend was observed for N-normalized micro-

bial biomass. The contribution of fungi to total

microbial biomass was significantly greater in PF

(7.3 mol% C) than in CF (6.0 mol% C) and WC

(5.2 mol% C) (Table 2). Bacteria dominated over

fungi in all sites, with a contribution to total microbial

biomass varying between 92.7 mol% C (PF) and

94.8 mol% C (WC) (Table 2). Gram-negative bacteria

showed a greater mol% C in PF (43.0) than in CF

(18.5) and WC (13.2). The ratio of fungi to bacteria

was significantly different between the three study

sites, with PF showing the greatest value (0.08),

followed by CF (0.06) and WC (0.05) (Table 2). PCA

analysis with the data of the 18 PLFA biomarkers

indicated that the first and second PCA axes explained

in total 83.5% of the total variance between sites

(Fig. 1). The location of the microbial communities of

both agricultural sites (CF and WC) are plotted on the

negative site of the first PCA axis, while the three

replicates of the PF are plotted on the positive site of

PCA 1 (Fig. 1). The negative site of the PCA 1 axis is

dominated by bacteria, with gram-positive bacteria

(i16:0, i14:0, 10Me17:0) having the greatest weight.

The positive site of PCA1 is especially dominated

by fungi (18:2x6,9) and gram-negative bacteria

(18:1x7c). The different replicates of the sites WC

and CF are especially separated along the PCA2 axis,

which explained 11.2% of the total variance (Fig. 1).

MANOVA analysis indicated that the microbial

community composition is significantly different

between WC and PF (P \ 0.001), and CF and PF

(P = 0.004). The agricultural sites WC and CF show

no significant differences in microbial community

composition (P = 0.27).

Significant correlations (99% level) were observed

between total microbial biomass and TC (r = 0.96)

and TN (r = 0.93) (data not shown). In addition, a

clear positive relationship was observed between the

Table 2 Soil microbial biomass and community structure for the different agricultural and forest sites

WC CF PF

Total microbial biomass (lg PLFA-C g-1) 2.5 (0.7)b 3.6 (1.4)b 12.7 (4.5)a

C-normalized microbial biomass (lg PLFA-C g-1 C) 43.6 (19.2)b 33.4 (11.1)b 80.9 (13.7)a

N-normalized microbial biomass (lg PLFA-C g-1 N) 5.0 (2.2)b 4.0 (1.4)b 11.5 (0.1)a

Fungi (mol% C) 5.2 (0.7)b 6.0 (0.3)b 7.3 (0.7)a

Bacteria (mol% C) 94.8 (0.7)a 94.0 (0.3)a 92.7 (0.3)b

G? (mol% C) 74.6 (2.6)a 68.0 (3.6)a 44.7 (0.6)b

G- (mol% C) 13.2 (0.5)b 18.5 (6.2)b 43.0 (0.1)a

Fungi/bacteria ratio (-) 0.05 (0.01)b 0.06 (0.00)b 0.08 (0.01)a

G? gram-positive bacteria, G- gram-negative bacteria, CF summer crop—winter fallow rotation, WC winter cropland, PF pristine

forest; standard deviations between brackets; values in the same row not followed by a different letter are significantly different
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fungi/bacteria ratio and C- and N-normalized micro-

bial biomass (Fig. 2).

Gross N transformations

Recoveries of 15NH4
? and 15NO3

- as dissolved

inorganic N equalled 38–53% and 26–58%, respec-

tively. The rapid removal of inorganic N shortly after
15N application is a commonly observed phenomenon

(e.g. Nömmik and Vahtras 1982; Davidson et al.

1991; Roing et al. 2006; Russow et al. 2008).

Probably, the explanation is a very fast and strong

abiotic adsorption reaction to clay–humus complexes

within soils (Russow et al. 2008). Nevertheless, the

use of the 15N isotope dilution technique in our study

can be justified because:

(1) The adsorption of inorganic N on clay minerals

is a fast abiotic reaction, occurring within

minutes after 15N additions (Nömmik and

Vahtras 1982). We accounted for this effect by

extracting a subset of soil cores 15 min after

Fig. 1 The location of the different agricultural and forest

replicates on a biplot generated via principal component

analysis (PCA) of a multivariate data-set of 18 phospho-lipid

fatty acid (PLFA) biomarkers (red arrows = bacterial PLFA

biomarkers, blue arrows = fungal PLFA biomarkers; CF sum-

mer crop—winter fallow rotation, WC winter cropland, PF
pristine forest)

Fig. 2 The relationship between C- and N-normalized micro-

bial biomass and fungi/bacteria ratio; data points include three

replicates of the different agricultural and forest sites (open
symbol for C-normalized microbial biomass (left Y axis), filled

symbols for N-normalized microbial biomass (right Y axis);

circles winter cropland, triangles summer crop—winter fallow

rotation, squares pristine forest)
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15N addition (T0 data), once abiotic adsorption

has taken place. N fluxes were then calculated

based on differences in 15N enrichments and N

concentrations between T1 data (24 h after 15N

addition) and T0 data (Davidson et al. 1991).

According to theory (Davidson et al. 1991), it is

assumed that N transformation processes during

this period (T1–T0) are dominantly executed

through microbial processes.

(2) The release of non-exchangeable inorganic N is

dominantly microbial (i.e. microbial N miner-

alization) (Drury et al. 1991; Trehan 1996; Lin

et al. 2004; Russow et al. 2008). The microbial

release process is typically rather slow (Drury

and Beauchamp 1991; Trehan 1996), and thus

unlikely to occur in significant amounts in a

1-day incubation experiment.

(3) The non-exchangeable inorganic N is a large

soil pool in many soil types (up to 18% of total

soil N; Young and Aldag 1982; Liang et al.

1999). This is without a doubt also the case in

Andisols, characterized by a high CEC and

SOM content. This will result in a large dilution

of the ‘recently fixed’ 15N (2.5 lg g-1 soil) into

the bigger ‘native’ non-exchangeable inorganic

N (at natural abundance). Hence, if any

re-mineralization already takes place, it will

occur at 15N enrichment values close to natural

abundance. This is in agreement with the

condition that all N pools, other than the

labelled one, should remain at values close to

natural abundance during 15N isotope dilution

studies (Kirkham and Bartholomew 1954).

NH4
? turnover was about 10 times faster in PF than in

CF and WC (Table 3). Gross N mineralization and NH4
?

consumption rates were about an order of magnitude

greater in PF than in CF and WC, which showed no

significant differences (Table 3). Gross nitrification

fluxes were greater in PF and WC than in CF (Table 3).

No significant difference in NO3
- consumption fluxes

were observed between the different sites. The gross N

mineralization flux was significantly correlated with total

microbial biomass (r = 0.96), TC (r = 0.86), and TN

(r = 0.84) at the 99% significance level (Table 4). Gross

NH4
? consumption was significantly correlated with

gross N mineralization (r = 0.71, P = 0.03, data not

shown). In addition, a significant (95% level) correlation

was observed between gross NH4
? consumption and TC

(r = 0.91), total microbial biomass (r = 0.83), and TN

(r = 0.71) (Table 4). No significant correlations were

found between gross nitrification or gross NO3
- con-

sumption fluxes and TC, TN or total microbial biomass

(Table 4), and gross N mineralization or NH4
? con-

sumption (data not shown).

Discussion

Soil organic matter availability is a main factor

limiting microbial biomass growth in natural and

managed soil ecosystems (Singh and Singh 1995;

Table 3 Gross N transformation fluxes for the different agricultural and forest sites

WC CF PF

Gross N mineralization (lg N g-1 day-1) 0.45 (0.06)b 0.40 (0.27)b 3.81 (0.38)a

Gross NH4
? consumption (lg N g-1 day-1) 0.53 (0.16)b 0.30 (0.45)b 4.90 (0.79)a

Gross nitrification (lg N g-1 day-1) 0.89 (0.34)a 0.21 (0.16)b 1.10 (0.20)a

Gross NO3
- consumption (lg N g-1 day-1) 1.06 (0.34)a 0.60 (0.59)a 0.58 (0.59)a

CF summer crop—winter fallow rotation, WC winter cropland, PF pristine forest; standard deviations between brackets; values in the

same row not followed by a different letter are significantly different

Table 4 Pearson correlation coefficient between gross N

transformation fluxes and total N, total C, and total microbial

biomass

Total N Total C Total microbial

biomass

Gross N mineralization 0.84** 0.86** 0.96**

Gross NH4
?

consumption

0.71* 0.91* 0.83*

Gross nitrification 0.18 0.40 0.44

Gross NO3
-

consumption

-0.43 -0.24 -0.39

** Correlation significant at the 0.01 level, * Correlation

significant at 0.05 level, n = 9
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Booth et al. 2005). In agreement with Booth et al.

(2005), our results also indicate a positive correlation

between microbial biomass, and soil C and N

substrate availability across forest and agro-ecosys-

tems. At a global scale, the SOM contents of agro-

ecosystems are about 42% lower than in native

forests (Guo and Gifford 2002). Our agricultural soils

showed a lower TC (-47 to -51%) and TN (-34 to

-42%) concentration than the pristine forest soils,

which is in agreement with previous studies in south

Chilean Andisols (Borie et al. 2002; Heredia et al.

2007). Notwithstanding the lower soil C and N

concentrations relative to forests, the soil C

(7.6–8.3%) and N (0.64–0.73%) in our agro-ecosys-

tems are still located at the upper-end of worldwide

topsoil SOM concentrations across agro-ecosystems,

grasslands and forest ecosystems (Booth et al. 2005).

Other nutrients that might limit microbial growth in

volcanic soils, such as available P (Borie and Zunino

1983), are clearly higher in the agricultural sites as a

result of long-term fertilization management. Land

use and vegetation have the potential to alter the

SOM quality in volcanic soils (Nanzyo et al. 1993;

Verde et al. 2008; but see Nierop et al. 2005, 2007 for

contrasting results). Borie et al. (2002) and Heredia

et al. (2007) indicated that the internal balance of C

and N associated with labile and stable SOM

fractions was largely similar between land use classes

in south Chilean volcanic soils.

A clear difference in microbial community com-

position was observed between the agro-ecosystems

and forest ecosystems. Considering the similarity in

SOM composition between forests and agro-ecosys-

tems, we attribute the lower relative contribution of

fungi to total microbial biomass in the agro-ecosys-

tems to the different vegetation (Zak et al. 2003), and

land management practices (Nodar et al. 1992; Beare

et al. 1997; Bardgett and Shine 1999). The higher

abundance of gram-negative bacteria in forests can be

attributed to the higher organic matter content and

microbial substrate availability (Zelles et al. 1992;

Bossio et al. 1998). On the other hand, the dominance

of gram-positive bacteria in the agricultural sites can

be ascribed to the (temporal) absence of a vegetation

cover in some periods of the year (Brant et al. 2006).

Additionally, soil microbial community composition

may have been influenced by soil texture and

associated water availability in the soil pores (Fierer

et al. 2003; Tippkötter et al. 2009).

Notwithstanding the fair correlation between soil

C and N and microbial biomass, a clear difference in

C- and N-normalized microbial biomass was

observed between the forest and agricultural sites

(Table 2; Fig. 2). Hence, for the same unit of SOM

substrate present, microbial biomass abundance is

significantly greater in the forest than in the agricul-

tural sites. These results stand in contrast with results

obtained by Singh and Singh (1995) and Yang et al.

(2008) who found that C- and N-normalized micro-

bial biomass was greater or equal in agricultural soils

than in SOM-rich forest soils.

Since soil microbes rely on low molecular weight

compounds for their growth, SOM depolymerisation

is the bottleneck process regulating microbial growth

in soil ecosystems (Schimel and Bennett 2004).

Extracellular enzymes catalyze this initial, rate-lim-

iting step of SOM decomposition (Sinsabaugh 1994;

Schimel and Bennett 2004). The activities of extra-

cellular enzymes may change if land management

shifts the microbial groups that produce specific

enzymes or alters microbial allocation to enzyme

production (Sinsabaugh and Moorhead 1994). We

believe that a reduction in the extent of SOM

depolymerisation also contributes to the lower micro-

bial biomass and N production observed in our agro-

ecosystems. Microbial populations differ in the types

of extracellular enzymes produced (Kirk and Farrell

1987). Many groups of fungi are known to produce

hydrolases and oxidases that degrade complex poly-

mers, characterized by interlinked C and N com-

pounds, and convert organically bound nutrients into

forms that are available to plants and microbes

(Dighton 2003; Allison et al. 2008). The positive

relationship between fungi/bacteria ratio and sub-

strate normalized microbial biomass in our study

(Fig. 2) provides evidence that a decrease in fungal

abundance limits the production of low molecular

weight compounds and associated microbial growth

in our agro-ecosystems. In the forest ecosystems, the

higher availability of low molecular N compounds as

a result of fungal processing might stimulate further

microbial growth. As such, especially bacterial

groups such as gram-negative bacteria, prevailing in

sites with a high substrate availability (Zelles et al.

1992; Bossio et al. 1998), could benefit. These results

are in agreement with Allison et al. (2008) and

Muruganandam et al. (2009) who observed that land

management (N fertilization and soil tillage,
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respectively) affected fungal biomass and associated

production of main extracellular enzymes involved in

the breakdown of complex organic compounds. The

direct effect of microbial community changes on

extracellular enzyme activity, and altered capabilities

to degrade macromolecular compounds, has also

been documented by Waldrop et al. (2000). On the

other hand, existing microbial groups might also shift

their metabolism as a result of external drivers. As a

result of N addition, microbes may invest more in the

acquisition of C than in the already available N,

causing a reduction in N-degrading enzyme produc-

tivity (Allison and Vitousek 2005). The latter may

result in a decrease in internal soil N production. Chu

et al. (2007) indicated shifts in soil enzyme activities

between balanced and nutrient-deficiency fertilization

without accompanied changes in microbial commu-

nity composition. However, since any shift in met-

abolic activities as a result of long-term land

management goes often hand in hand with changes

in microbial community composition, it is difficult to

separate direct effects on enzyme activities from

indirect effects through altered microbial community

structure. Soils of finer texture have often been

documented to house a larger microbial biomass due

to reduced fluctuations in soil water content or

protection of microorganisms from faunal grazing

(Rutherford and Juma 1992; Hassink et al. 1993).

Although texture was somewhat finer in the agro-

ecosystems than in the forest, biomass concentrations

were greater in PF than in WC and CF. This indicates

that texture was a less important driver of microbial

biomass growth and their function in the soil N cycle

than microbial community composition.

Gross N mineralization fluxes in the studied agro-

ecosystems (0.40–0.45 lg g-1 day-1) are relatively

low compared to worldwide fluxes in soils under the

same land use (0.3–10 lg N g-1 day-1, Burger and

Jackson 2003; Booth et al. 2005). We believe that the

combination of humified recalcitrant soil material and

low fungal abundance limits gross N mineralization

in the agro-ecosystems. Our data indicate that,

besides total microbial biomass and substrate con-

centration (Booth et al. 2005), also microbial com-

munity composition is a main player involved in the

N mineralization in these Andisols. Next to differ-

ences in microbial community structures, the greater

N mineralization rates in the forest than in the agro-

ecosystems may potentially be fomented by the

slightly coarser soil texture in the forest site. Some

studies have indicated a negative relationship

between N mineralization rates and clay content

(Hassink et al. 1993). In fine-textured soils, SOM

may experience a high degree of physical protection,

resulting in an increased N mineralization rate per

unit of microbial biomass (Franzluebbers et al. 1996).

However, it should be noted that many studies did not

observe a significant correlation between soil texture

and N mineralization (Motavalli et al. 1995; Giardina

et al. 2001).

Across sites, gross nitrification did not show a

significant correlation with NH4
? transformation

fluxes, or soil C and N. This observation can be

ascribed to the fact that distinct NO3
- production

pathways take place in the different sites. Specialist

heterotrophic organisms play a main role in the

nitrification process of the forest ecosystem (Huygens

et al. 2008), while these organisms are less abundant

in managed agricultural soils, typically dominated by

autotrophic nitrifiers (Kurakov et al. 2001). Gross

NH4
? and NO3

- immobilization fluxes equalize or

exceed the gross N mineralization and nitrification

fluxes in all sites. The combination of abiotic

adsorption on clay minerals in these Andisols, rich

in positively and negatively charged soil minerals

(Tosso 1985), and microbial immobilization explains

the high consumption of NH4
?, even in absence of

plant roots (Huygens et al. 2007).

Ecosystem implication and further perspectives

To the best of our knowledge, this is the first report of

gross N cycling rates in agro-ecosystems located on

volcanic Andisols. This study indicates that internal

soil N cycling, characterized by low inorganic N

production and strong inorganic N retention, is

unable to provide a sufficient N input for south

Chilean winter crops. On the other hand, the risk for

N losses towards aqueous water bodies or atmosphere

is small due to the low inorganic N (especially NO3
-)

availability, even under fallow soil conditions during

the rainy winter period. This indicates that the current

farming management practices, including often high

fertilization rates, anticipate in an appropriate manner

the internal soil N cycling processes in these south

Chilean agro-ecosystems. However, the close rela-

tionship between N bioavailability, total SOM
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accumulation and fungal biomass points towards

opportunities for alternative agricultural land man-

agement that might reduce the excessive fertilizer

cost. Organic additions (e.g. farmyard input or

residue incorporation) or reduced tillage are known

to stimulate the proliferation of fungal hyphae and

promote microbial growth, with beneficial effects on

extracellular enzyme activities and soil N minerali-

zation (Doran 1980; Roldán et al. 2005; Stark et al.

2007). Considering that N depolymerisation by

extracellular enzymes is a main process limiting N

mineralization in these Andisols, such land manage-

ment options might have a high potential to improve

internal soil N productivity in these soils. Future

research exploring microbial patterns and N biogeo-

chemistry with study designs that do not confound

vegetation and land management should be per-

formed to address this hypothesis.
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Nömmik H, Vahtras K (1982) Retention and fixation of

ammonium and ammonia in soils. In: Stevenson SJ (ed)

Nitrogen in agricultural soils. ASA-CSSA-SSSA, Madi-

son, pp 123–172

Olsen SR, Cole CV, Watanabe FS, Dean LA (1954) Estimation

of available phosphorus in soils by extraction with sodium

bicarbonate, USDA Circular 939. United States Depart-

ment of Agriculture, Washington DC

Oyarzún CE, Huber A (2003) Nitrogen export from forested

and agricultural watersheds of southern Chile. Gayana Bot

60:63–68

186 Nutr Cycl Agroecosyst (2011) 89:175–187

123

Author's personal copy

http://faostat.fao.org/


Pennanen T, Frostegard A, Fritze H, Baath E (1996)

Phospholipid fatty acid composition and heavy metal

tolerance of soil microbial communities along two heavy

metal-polluted gradients in coniferous forests. Appl

Environ Microbiol 62:420–428

Perakis SS, Hedin LO (2001) Fluxes and fates of nitrogen in

soil of an unpolluted old-growth temperate forest, south-

ern Chile. Ecology 82:2245–2260

Perakis SS, Compton JE, Hedin LO (2005) Nitrogen retention

across a gradient of 15N additions to an unpolluted tem-

perate forest soil in Chile. Ecology 86:95–105

R Development Core Team (2009) R: a language and envi-

ronment for statistical computing. R Foundation for Sta-

tistical Computing, Vienna

Rhoades CC, Coleman DC (1999) Nitrogen mineralization and

nitrification following land conversion in montane Ecua-

dor. Soil Biol Biochem 31:1347–1354

Roing K, Andren O, Mattsson L (2006) ‘Non-exchangeable’

ammonium in soils from Swedish long-term agricultural

experiments: mobilization and effects of fertilizer appli-

cation. Acta Agric Scand Sect B-Soil Plant Sci 56:197–205

Roldán A, Salinas-Garcia JR, Alguacil MM, Diaz E, Caravaca F

(2005) Soil enzyme activities suggest advantages of con-

servation tillage practices in sorghum cultivation under

subtropical conditions. Geoderma 129:178–185

Russow R, Spott O, Stange CF (2008) Evaluation of nitrate and

ammonium as sources of NO and N2O emissions from

black earth soils (Haplic Chernozem) based on 15N field

experiments. Soil Biol Biochem 40:380–391

Rutherford PM, Juma NG (1992) Influence of soil texture on

protozoa-induced mineralization of bacterial carbon and

nitrogen. Can J Soil Sci 72:183–200

Salazar F, Alfaro M, Ramı́rez L, Pinochet D, Ibarra C (2008)
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