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A B S T R A C T

Nitrogen (N) availability to plants in dry soil is limited by diffusive flux of N compounds through the soil
solution towards the root surface. Conventional soil extraction procedures only provide information
about bulk soil N concentrations, which can be distorted during soil sampling, transport, storage and
extraction, and hence are of limited use to detect short-term N dynamics. Soil microdialysis is a new tool
to monitor diffusive flux of mineral and organic N compounds in situ in high temporal and spatial
resolution with minimal disturbance, and is therefore well-suited to determine dynamic fractions of
plant-available N in soil microsites.
We investigated N availability and mobilization during a drying–rewetting event in a temperate beech

forest using soil microdialysis and soil extractions with water. While water extracts mainly revealed
mineral N in the form of NH4

+ and NO3
�, diffusive N fluxes in situ were dominated by amino acids.

Microdialysis showed that rewetting of dry soil led to a fast but short-lived mobilization of NO3
� and

some neutral hydrophilic amino acids (lysine, glutamine, cysteine, glycine), which was not detected in
water extracts, and the rewetting N flush was larger with increasing drought duration. Our results
suggest that at our temperate forest site plant-available N was dominated by amino acids, a fraction of N
that might be missed using conventional soil extraction methods. Considering expected increases in the
frequency of extreme climatic events, the observed release of mobile N forms bears the potential of N loss
from soil if severe drought is followed by a heavy rain event.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Almost all ecosystems experience periods of drought followed
by rewetting events. An increase in the frequency and severity of
extreme weather events due to climate change is expected to
aggravate the negative effects associated with drought (IPCC,
2014). One of the most obvious adverse effects is that plants as well
as microorganisms may be impacted by severe drought stress. At
the same time, the lack of water leads to nutrient limitation since
the capacity of soils to supply sufficient nutrients is determined by
the availability of water. When soils dry out, diffusion of nutrients
through the soil towards root surfaces and soil microorganisms is
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inhibited by reduced water-filled pore space and increased
tortuosity of water films around solid particles (Moldrup et al.,
2001). Furthermore, when plants experience drought stress,
stomatal conductance and consequently transpiration is reduced,
which decreases mass flow of water and dissolved nutrients to the
root surfaces, further decreasing the supply of nutrients for plant
uptake. With ongoing soil drying, water films are disrupted and
roots and microorganisms get physically separated from nutrients.
Taken together, these drought effects lead to an accumulation of
nutrients in soils during extended dry periods because they are not
taken up by plants or immobilized by microorganisms. During
rewetting of dry soil these accumulated nutrients can be mobilized
rapidly and are prone to leaching. This nutrient flush during
rewetting results in temporary pulses of increased microbial
activity (Manzoni et al., 2014) and high rates of nutrient turnover
(Birch, 1958; Evans et al., 2016).
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Plant nitrogen (N) acquisition is a complex process involving
both transport of N in the soil and across root membranes and
mycorrhizal hyphae (hereafter referred to as roots) (Leadley
et al., 1997; Tinker and Nye, 2000), but several studies indicate
that soil N supply rates, not root uptake rates, critically
determine plant N acquisition (Clarkson and Hanson, 1980;
Lambers et al., 2008; Leadley et al., 1997). Generally, the supply
of N by diffusion becomes increasingly important at times when
mass flow is low or absent and cannot meet the N demand of
plants, as is the case at reduced transpiration rates and low soil
water contents (Clarke and Barley, 1968; Comerford, 2005;
Gerber and Brookshire, 2014).

Besides soil water content, N diffusion is controlled by a variety
of other factors including bulk density, buffering capacity and ion
exchange capacity (Jungk and Claassen, 1997; Lipson and Näsholm,
2001; Van Rees et al., 1990). Mobility of different forms of N in the
soil solution depends on solute charge because the predominantly
negative surface charge of clay minerals and soil organic matter
leads to a retention of cations like ammonium (NH4

+) and basic
amino acids, whereas anions like nitrate (NO3

�) and acidic amino
acids or neutral hydrophilic amino acids can move more easily
through the soil solution (Rothstein, 2010). On the other hand,
hydrophobic compounds have been shown to be more easily
adsorbed to soil particles compared to hydrophilic substances
(Kaiser and Zech, 2000). Therefore, it is important to not only
estimate soil factors such as pH and ion exchange capacity, but also
to estimate the relative abundance of individual N compounds in
undisturbed soils directly in the field. However, until now, this task
remained challenging owing to inadequate soil sampling techni-
ques.

Over the last three decades, several attempts have been made to
estimate soil N pools and turn-over rates in situ. The most
prominent are the use of ion-exchange resin bags or resin columns,
soil solution collection by different kinds of lysimeters, soil
centrifugation, and in-situ water perfusion and extraction (Ander-
sson, 2003; Binkley et al., 1992; Chen and Williams, 2013; Giesler
and Lundström, 1993; Raison et al., 1987; Weihermüller et al.,
2007). The primary objective of all these studies was to best
approximate N under field conditions.

One promising approach, based on soil microdialysis, has
recently been established as a novel tool to monitor soil N fluxes in
situ at high spatial and temporal resolution (Inselsbacher and
Näsholm, 2012a; Inselsbacher et al., 2011). In contrast to
conventional soil extracts, which have been criticized for altering
soil N concentrations during soil sampling, transport, storage,
sieving and shaking (�Cernohlávková et al., 2009; Inselsbacher,
2014; Jones and Willett, 2006; Rousk and Jones, 2010; Warren and
Taranto, 2010), monitoring soil N fluxes by microdialysis directly
reflects N availability to plant roots (Inselsbacher and Näsholm,
2012a). Because of the small size of the microdialysis membrane
(1 cm long with an outer diameter of 0.5 mm), its installation
causes minimal disturbance of the soil matrix (Inselsbacher et al.,
2011) and allows the continuous measurement of N diffusion from
the bulk soil across the membrane surface for hours or days.

In the present study we combined a conventional soil water
extraction method with soil microdialysis to detect mobilization of
mineral (NH4

+ and NO3
�) and organic (amino acids) N in the first

72 h after a rewetting pulse in situ. We hypothesized that (i)
rewetting of dry soil mobilizes both mineral and organic N and that
soil microdialysis reveals short-term N patterns which are not
reflected in conventional soil extracts, and (ii) that the size of the
mobilization flush is larger when the preceding drought is longer.
To this end, a precipitation manipulation experiment in a
temperate forest was used, and N mobilization was monitored
at high temporal resolution following irrigation of dry soil in the
autumn of 2014.
2. Material and methods

2.1. Study site and experimental design

The study was conducted in a temperate beech forest (Fagus
sylvatica L., stand age 120 years) at the ILTER-site “Rosalia
Lehrforst” in Lower Austria (47�42026.3300N, 16�17058.1500E, 600 m
asl). The mean annual temperature is 6.5 �C and the mean annual
precipitation 796 mm. The soil was classified as pseudo-gleyic
cambisol over granitic bedrock with 4.1% SOC, 0.18% N, pH 4.0, and
0.595 g cm�3 bulk density (Leitner et al., 2016).

At the study site a rainfall manipulation experiment had
been set up in May 2013 (Schwen et al., 2014). In short, 8
experimental plots of 2 m � 2 m each were covered with
4 m � 4 m transparent acrylic roofs 1.2 m above the ground
surface to exclude rainfall. Two parallel manipulation treat-
ments (n = 4) were conducted during the vegetation period (May
until October): i) a moderately stressed four-week drought
(4WD) treatment, which experienced six drying–rewetting
cycles, each consisting of four weeks of precipitation exclusion
followed by irrigation with 75 mm decalcified tap water, and ii) a
severely stressed eight-week drought (8WD) treatment that
received three drying–rewetting cycles, each consisting of eight
weeks of precipitation exclusion followed by irrigation with
150 mm decalcified tap water. Both manipulation treatments
were repeated in 2013 and 2014. In each plot, soil sensors were
buried in 10 cm depth to measure soil volumetric water content
(VWC, TDR theta.ML2x probes, UMS, Germany) and temperature
(Tsoil, thermistor Th2-f probes, UMS, Germany).

2.2. Soil analysis

In October 2014 at the end of the experimental rainfall
manipulation, soil samples were taken in each plot 1 h before,
and 24 h and 72 h after irrigation in triplicates with a steel soil
corer (4 cm diameter, 10 cm length) and homogenized into one
composite soil sample per plot. Soil was transported to the lab on
ice and immediately sieved (<2 mm) and stored at 4 �C over
night. On the next day, aliquots of 2.5 g field-moist soil were
extracted with 25 ml high-purity deionized water (MilliQ) for 1 h
on a rotary shaker, filtered with acid-free filter paper (Whatman
Type 40, pore size 8 mm), and stored at �20 �C for further
analysis.

To determine in-situ N diffusion before and during the first
20 h after irrigation we deployed two microdialysis systems, each
consisting of a syringe infusion precision pump (CMA 400)
equipped with four gas-tight microsyringes (5 ml, Hamilton,
Bonaduz, Switzerland) which provided the perfusate solution.
Each syringe was connected via 50 cm FEP tubing to a micro-
dialysis probe with a polyarylethersulphone membrane (CMA 20,
10 mm length, 500 mm outer and 400 mm inner diameter, 20 kDa
molecular weight cut-off). Membranes were installed 2 h prior to
the irrigation at least 50 cm within the plots to a soil depth of
1.5 cm. In detail, the litter layer was lifted and a guiding channel
was prepared by a steel cannula (800 mm outer diameter). The
membranes were inserted carefully into the prepared channels
and were then left in the soil throughout the experiment. The
membranes were perfused with MilliQ water at a flow rate of
5 ml min�1 for 9 h, after which the flow rate was switched to
1 ml min�1 over night. Samples were collected continuously in
300 ml vials in a refrigerated microfraction collector (6 �C; CMA
470), transported to the lab on ice and stored at �20 �C until
analysis. All equipment is commercially available at CMA
Microdialysis AB (Solna, Sweden). Membrane calibration and
calculation of N diffusion rates based on microdialysis membrane
surface and time was done according to Inselsbacher and



Fig. 1. Microdialysis flux of NH4
+, NO3

�, and sum of 19 amino acids after four and
eight weeks of experimental drought, and soil volumetric water content (VWC,
bottom panel) in 10 cm depth. Vertical bars show the duration of the manual
irrigation (light gray: 150 mm irrigation following eight weeks of drought; dark
gray: 75 mm irrigation following four weeks of drought). Shown are averages � SE
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Näsholm (2012b). Briefly, membrane functionality was tested
before and after field use by determining the relative recovery
(RR) of sampled N compounds. To this end, membranes were
placed in a beaker containing a standard solution of 100 mmol l�1

NO3
�, NH4

+ and 19 amino acids (asp, aspartic acid; glu, glutamic
acid; his, histidine; arg, arginine; lys, lysine; asn, asparagine; ser,
serine; gln, glutamine; thr, threonine; tyr, tyrosine; cys, cysteine;
gly, glycine; ala, alanine; val, valine; met, methionine; trp,
tryptophan; phe, phenylalanine; ile, isoleucine; leu, leucine) in
MilliQ water on a magnetic stirrer and samples were collected
over the course of 3 h at a flow rate of 5 ml min�1. Relative
recovery of individual N compounds was then calculated as given
in Eq. (1),

RR ð%Þ ¼ cdial=cstd � 100 ð1Þ
where cdial is the concentration of N compound in the dialysate,
and cstd is the concentration of N compound in the standard
solution.

Nitrogen diffusion rates over the membrane surface were
calculated according to Inselsbacher et al. (2014) following
Eq. (2)

FMD ¼ c � V=ðA � tÞ ð2Þ
where FMD is the diffusive flux rate of N compound over the
membrane surface given in nmol N cm�2 h�1, c is the concentration
of N compound in nmol N ml�1, V is the sample volume (300 ml), A
is the membrane surface area (0.159 cm2), and t is the sampling
time in h that is required to obtain 300 ml of sample (e.g., 1 h at a
flux rate of 5 ml min�1, 5 h at a flux rate of 1 ml min�1).

Microdialysis samples and soil water extracts were analyzed
colorimetrically for NO3

� and NH4
+ concentrations (Hood-Now-

otny et al., 2010). Furthermore, concentrations of 19 individual
amino acids were measured on an Agilent 1200 HPLC system
equipped with a precolumn and an Eclipse Plus RP C18 3.5 mm
column (4.6 � 150 mm), coupled to a fluorescence detector (FLR,
exc. 230 nm, em. 450 nm, PMT 11) and a diode array detector (DAD,
signal A: 338 nm, 10 nm; Ref 390, 20 nm; Signal B: 262, 16 nm; Ref
224, 8 nm, Signal C: 230 nm, 16 nm; Ref 360, 100 nm; all purchased
from Agilent Technologies, Vienna, Austria). As mobile phase,
borate-phosphate buffer (solvent A, 10 mM sodium hydrogen-
phosphate and 10 mM sodium borate wit 8 ppm NaN3, pH 8.2) and
methanol:acetonitrile:water (9:9:2, solvent B) were used at a flow
rate of 1.5 ml min�1 in a gradient (start at 2% solvent B, increase to
57% solvent B from 0.5 min to 21 min, then 100% solvent B to
22 min, then 3 min post-run equilibration back to 2% solvent B) at
40 �C column temperature. For online pre-column derivatization,
1 ml sample or standard were derivatized with 0.5 ml o-phtha-
laldehyde (OPA) and 0.4 ml 9-fluorenylmethyl chloroformate
(FMOC) in 2.5 ml borate buffer (pH 10.2) using 32 ml solvent A
with 1.5% (v/v) phosphoric acid to stop the reaction. As standards, a
mixture of 23 amino acids (purchased from Agilent) was employed
at concentrations of 225, 90, 45, 22.5, 9 and 4.5 mM. For more
details on the HPLC method please refer to Woodward et al. (2007)
and Frank and Powers (2007). Samples under the limit of detection
(LOD) were excluded from data analysis (Armbruster and Pry,
2008).

2.3. Statistics

To determine the effects of drought treatment and time on N
concentrations and fluxes, we used two-way ANOVA followed by
Tukey's HSD post hoc test. Homogeneity of variance was tested
with Levene's test, and if necessary data were log-transformed.
of four microdialysis membranes (upper three panels) and averages of four VWC
sensors (bottom panel).



Fig. 2. Comparison of NH4
+, NO3

�, total amino acids (AAtot) and 19 individual amino acids determined by microdialysis (upper panel) and water extracts of soil samples (lower
panel) after four and eight weeks of experimental drought. Shown are averages � SE (n = 4) of the first sampling time point (before irrigation). Please note the different scales
of y-axes. Asterisks denote significant differences between drought treatments (two-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001).
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Statistical analysis was performed with R 3.3.2 (www.r-project.org,
packages “afex” and “lmerTest”).

3. Results and discussion

Plant-available N compounds are primarily limited by their rate
of diffusion through the soil to the root surface and not by bulk soil
N contents (Nye, 1980) or root uptake capacity (Oyewole et al.,
2016). Diffusion of N towards root surfaces is a process that
integrates multiple factors like soil solution concentration, root
uptake rates, viscosity of the diffusion medium, distance from
source to sink and tortuosity of the pore space (Moldrup et al.,
2001), and interactions of N compounds with minerals and organic
matter (Gardner, 1965). Microdialysis has recently been estab-
lished as a feasible tool to measure diffusive fluxes of N compounds
through the soil solution and over the microdialysis membrane,
and has been successfully employed in boreal forests (Inselsbacher
and Näsholm, 2012b; Inselsbacher et al., 2014; Oyewole et al.,
2014) and agricultural systems (Brackin et al., 2015). Here we
present the first study to employ this technique in a temperate
forest soil to assess short-term changes in N availability after
experimental rainfall manipulation.

Nitrogen pools in soils are highly dynamic and depend on
various processes including enzymatic depolymerization of
proteins, input via root exudation, N transformation (e.g.
ammonification, nitrification), uptake by plants (Näsholm et al.,
2009) and immobilization by microorganisms (Schimel and
Bennett, 2004; Warren and Taranto, 2010). These processes are
variable in both time and space and can create microsites with
disproportionately high concentrations or reaction rates relative to
the surrounding soil matrix (Hagedorn and Bellamy, 2011; Leon
et al., 2014). Soil extraction integrates N concentrations over a soil
volume in the range of a couple of cm3 that are relatively static over
hours or days. In contrast, the small size of microdialysis
membranes and high sampling intervals enable a high spatial
(�1 mm) and temporal (�1 h) resolution of N availability, which is
especially relevant in organic-rich heterogeneous forest soils
(Inselsbacher and Näsholm, 2012b). Locally isolated patches of
high N concentrations can be generated when N accumulates due
to a number of reasons: (i) when microbial activity has ceased due

http://www.r-project.org
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to lack of water but enzymatic decomposition of organic matter is
still sustained (Lawrence et al., 2009), (ii) when microorganisms
are physically separated from their substrates due to the disruption
of water films in dry soil (Manzoni et al., 2014), or (iii) when
microsites are not explored by roots.

Our microdialysis results showed large differences in NH4
+ and

amino acid flux between the 4WD and 8WD treatment with flux
rates that varied by a factor of 10 (Fig. 1). When implanting
microdialysis membranes into the soil it is possible to sample
microsites that had not been accessed by living roots or micro-
organisms and where N had accumulated. When evaluating
temporal dynamics, the high flux of NH4

+ and total amino acids
in the 4WD treatment was not sustained but dropped after 1 h to
fluxes similar to the 8WD treatment (Fig. 1). As expected
(hypothesis i), irrigation of the soil led to a mobilization of
NO3

� and some neutral hydrophilic amino acids (lys, gln, cys, gly,
Supplementary Fig. S1). Overall, more N was mobilized in the 8WD
treatment than in the 4WD treatment, suggesting that during the
longer drought period more labile N had accumulated (hypothesis
ii). This is in line with Bimüller et al. (2014) who reported that
prolonged summer drought led to an accumulation of more labile
N fractions in a beech forest in southern Germany. Similarly,
Williams and Xia (2009) found that the drier the soil before
rewetting, the more microbial and soluble organic matter pools
increase in soil. In addition to the mobilization of accumulated N,
rewetting leads to a burst in microbial activity (Placella et al., 2012)
and increased N transformation rates (Borken and Matzner, 2009)
within minutes and hours, which might have added additional free
amino acids and NO3

� to the soil solution as water content
increased.

In microdialysis samples from both treatments at the first time
point (before rewetting) available N was dominated by organic N,
which contributed 54-68% to total N flux, while NH4

+ accounted for
23–35% and NO3

� for only 9–10% (Fig. 2, upper panel). This
corresponds to microdialysis results from boreal forests, where
amino acids contributed 74-89% of the total N flux (Inselsbacher
and Näsholm, 2012a). There is growing evidence that plants take
up organic N forms even in competition with soil microbes
(Ganeteg et al., 2017; Lipson and Näsholm, 2001; Näsholm et al.,
2009; Schmidt et al., 2014). Since beech trees are able to use amino
acids as source for their N demand (Leuschner et al., 2006; Scott
and Rothstein, 2011), the high abundance of amino acids at our
temperate beech forest site could represent an important source
for N plant nutrition. In contrast to microdialysis samples, water
extracts were dominated by mineral N, with NH4

+ contributing 44–
51% and NO3

� contributing 42–49%, whereas total amino acids
amounted to only 6–7% of total N in the present study (Fig. 2, lower
panel). Effects of drought length as well as short-term (�24 h)
changes in NO3

�, NH4
+ and AAtot concentrations were not detected

in water extracts (Supplementary Fig. S2 and Supplementary
Table 1). Soil water extracts are thought to represent bulk N
concentration, which includes both available unbound N from the
soil solution plus protected N that was made available by
destruction of soil aggregates during sampling, sieving and
shaking. Sieving and extracting also lead to a loss of amino acids
due to ongoing mineralization and subsequent nitrification during
sample handling (Inselsbacher, 2014; Rousk and Jones, 2010).
Results from water extraction of soil samples may therefore
overestimate the contribution of inorganic N forms compared to
amino acids to total plant-available N. The significant discrepancy
between results gained by water extraction and microdialysis
sampling in the present study highlights the importance of
estimating soil N fluxes with as little disturbance of the natural soil
structure as possible. Our results further show that, similar to
boreal forests (Inselsbacher and Näsholm, 2012a), amino acids may
constitute a more important source for plant N nutrition than
previously assumed in temperate beech forests.

In conclusion, our results suggest that the increased release of N
during and following rewetting was likely caused by an immediate
but short-lived mobilization of N that had accumulated during
drying, and that it is the chemical nature (i.e., charge and polarity)
of a compound that determines whether it is mobilized upon
rewetting or not. Furthermore, we showed that not only in boreal
but also in temperate forests N availability can be dominated by
amino acid and not mineral N, a conclusion that might be missed
when using conventional soil water extracts. We suggest that
microdialysis is well suited to monitor both short- and long-term
changes in soil N dynamics during drying–rewetting cycles in situ.
This technique is therefore of particular interest for future studies
examining the effects of drought stress and extreme events on
plant and microbial N nutrition.

Acknowledgments

We want to thank Elisabeth Kopecky and Dr. Axel Mentler from
BOKU and Dr. Andreas Kitzler from Agilent for help with amino
acid measurements. Furthermore, we want to thank Dr. Peter
Homyak for insightful comments and proof-reading of the
manuscript. Sonja Leitner was funded by a PhD fellowship of
the AXA Research Fund. This project was funded by the Austrian
Climate Research Program (ACRP Grant KR13AC6K11008 “DRAIN”).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.
apsoil.2017.02.014.

References

Andersson, P., 2003. Amino acid concentration in sampled soil water: effects of
sampling and storage using lysimeters with small pore-size and sterile pre-
evacuated sampling tubes. Commun. Soil Sci. Plant Anal. 34, 21–29.

Armbruster, D.A., Pry, T., 2008. Limit of blank, limit of detection and limit of
quantitation. Clin. Biochem. Rev. 29, S49–S52.

Bimüller, C., Dannenmann, M., Tejedor, J., von Lutzow, M., Buegger, F., Meier, R.,
Haug, S., Schroll, R., Kogel-Knabner, I., 2014. Prolonged summer droughts retard
soil N processing and stabilization in organo-mineral fractions. Soil Biol.
Biochem. 68, 241–251.

Binkley, D., Bell, R., Sollins, P., 1992. Comparison of methods for estimating soil-
nitrogen transformations in adjacent conifer and alder-conifer forests. Can. J.
Forest Res. – Rev. Can. Rech. For. 22, 858–863.

Birch, H.F., 1958. The effect of soil drying on humus decomposition and nitrogen
availability. Plant Soil 10, 9–31.

Borken, W., Matzner, E., 2009. Reappraisal of drying and wetting effects on C and N
mineralization and fluxes in soils. Glob. Change Biol. 15, 808–824.

Brackin, R., Näsholm, T., Robinson, N., Guillou, S., Vinall, K., Lakshmanan, P., Schmidt,
S., Inselsbacher, E., 2015. Nitrogen fluxes at the root–soil interface show a
mismatch of nitrogen fertilizer supply and sugarcane root uptake capacity. Sci.
Rep. 5, 15727.

�Cernohlávková, J., Jarkovský, J., Nešporová, M., Hofman, J., 2009. Variability of soil
microbial properties: effects of sampling, handling and storage. Ecotoxicol.
Environ. Saf. 72, 2102–2108.

Chen, C.R.R., Williams, D.G., 2013. A novel in situ water perfusion and extraction
method for soil amino acid quantification. Soil Biol. Biochem. 59, 86–88.

Clarke, A.L., Barley, K.P., 1968. Uptake of nitrogen from soils in relation to solute
diffusion. Aust. J. Soil Res. 6, 75–92.

Clarkson, D., Hanson, J., 1980. The mineral nutrition of higher plants. Annu. Rev.
Plant Physiol. 31, 239–298.

Comerford, N.B., 2005. Soil factors affecting nutrient bioavailability. In: BassiriRad,
H. (Ed.), Nutrient Acquisition by Plants: Ecological Perspective, , pp. 1–14.

Evans, S., Dieckmann, U., Franklin, O., Kaiser, C., 2016. Synergistic effects of diffusion
and microbial physiology reproduce the Birch effect in a micro-scale model. Soil
Biol. Biochem. 93, 28–37.

Frank, M.P., Powers, R.W., 2007. Simple and rapid quantitative high-performance
liquid chromatographic analysis of plasma amino acids. J. Chromatogr. B 852,
646–649.

Ganeteg, U., Ahmad, I., Jämtård, S., Aguetoni-Cambui, C., Inselsbacher, E.,
Svennerstam, H., Schmidt, S., Näsholm, T., 2017. Amino acid transporter mutants
of Arabidopsis provides evidence that a non-mycorrhizal plant acquires organic

http://dx.doi.org/10.1016/j.apsoil.2017.02.014
http://dx.doi.org/10.1016/j.apsoil.2017.02.014
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0005
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0005
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0005
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0010
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0010
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0015
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0015
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0015
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0015
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0020
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0020
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0020
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0025
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0025
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0030
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0030
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0035
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0035
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0035
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0035
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0040
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0040
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0040
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0045
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0045
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0050
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0050
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0055
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0055
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0060
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0060
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0065
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0065
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0065
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0070
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0070
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0070
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0075
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0075
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0075


S. Leitner et al. / Applied Soil Ecology 114 (2017) 28–33 33
nitrogen from agricultural soil. Plant Cell Environ. 40, 413–423. doi:http://dx.
doi.org/10.1111/pce.12881.

Gardner, W., 1965. Movement of nitrogen in soil. Soil Nitrogen 550–572.
Gerber, S., Brookshire, E.N.J., 2014. Scaling of physical constraints at the root–soil

interface to macroscopic patterns of nutrient retention in ecosystems. Am. Nat.
183, 418–430.

Giesler, R., Lundström, U., 1993. Soil solution chemistry – effects of bulking soil
samples. Soil Sci. Soc. Am. J. 57, 1283–1288.

Hagedorn, F., Bellamy, P., 2011. Hot spots and hot moments for greenhouse gas
emissions from soils. Soil Carbon in Sensitive European Ecosystems. John Wiley
& Sons, Ltd, pp. 13–32.

Hood-Nowotny, R., Hinko-Najera Umana, N., Inselbacher, E., Oswald-Lachouani, P.,
Wanek, W., 2010. Alternative Methods for measuring inorganic, organic, and
total dissolved nitrogen in soil. Soil Sci. Soc. Am. J. 74, 1018–1027.

Inselsbacher, E., 2014. Recovery of individual soil nitrogen forms after sieving and
extraction. Soil Biol. Biochem. 71, 76–86.

Inselsbacher, E., Näsholm, T., 2012a. The below-ground perspective of forest plants:
soil provides mainly organic nitrogen for plants and mycorrhizal fungi. New
Phytol. 195, 329–334.

Inselsbacher, E., Näsholm, T., 2012b. A novel method to measure the effect of
temperature on diffusion of plant-available nitrogen in soil. Plant Soil 354, 251–
257.

Inselsbacher, E., Öhlund, J., Jämtgård, S., Huss-Danell, K., Näsholm, T., 2011. The
potential of microdialysis to monitor organic and inorganic nitrogen
compounds in soil. Soil Biol. Biochem. 43, 1321–1332.

Inselsbacher, E., Oyewole, O.A., Nasholm, T., 2014. Early season dynamics of soil
nitrogen fluxes in fertilized and unfertilized boreal forests. Soil Biol. Biochem.
74, 167–176.

IPCC, 2014. Summary for Policymakers. In: Edenhofer, O., Pichs-Madruga, R.,
Sokona, Y., Farahani, E., Kadner, S., Seyboth, K., Adler, A., Baum, I., Brunner, S.,
Eickemeier, P., Kriemann, B., Savolainen, J., Schlömer, S., von Stechow, C.,
Zwickel, T., Minx, J.C. (Eds.), Climate Change 2014: Mitigation of Climate Change.
Contribution of Working Group III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, UK/New York, USA.

Jones, D.L., Willett, V.B., 2006. Experimental evaluation of methods to quantify
dissolved organic nitrogen (DON) and dissolved organic carbon (DOC) in soil.
Soil Biol. Biochem. 38, 991–999.

Jungk, A., Claassen, N., 1997. Ion diffusion in the soil-root system. In: Sparks, D.L.
(Ed.), Advances in Agronomy, vol. 61. , pp. 53–110.

Kaiser, K., Zech, W., 2000. Sorption of dissolved organic nitrogen by acid subsoil
horizons and individual mineral phases. Eur. J. Soil Sci. 51, 403–411.

Lambers, H., Raven, J.A., Shaver, G.R., Smith, S.E., 2008. Plant nutrient-acquisition
strategies change with soil age. Trends Ecol. Evol. 23, 95–103.

Lawrence, C.R., Neff, J.C., Schimel, J.P., 2009. Does adding microbial mechanisms of
decomposition improve soil organic matter models? A comparison of four
models using data from a pulsed rewetting experiment. Soil Biol. Biochem. 41,
1923–1934.

Leadley, P.W., Reynolds, J.F., Chapin, F.S., 1997. A model of nitrogen uptake by
Eriophorum vaginatum roots in the field: ecological implications. Ecol. Monogr.
67, 1–22.

Leitner, S., Sae-Tun, O., Kranzinger, L., Zechmeister-Boltenstern, S., Zimmermann,
M., 2016. Contribution of litter layer to soil greenhouse gas emissions in a
temperate beech forest. Plant Soil 1–15.

Leon, E., Vargas, R., Bullock, S., Lopez, E., Panosso, A.R., La Scala Jr., N., 2014. Hot spots,
hot moments, and spatio-temporal controls on soil CO2 efflux in a water-limited
ecosystem. Soil Biol. Biochem. 77, 12–21.
Leuschner, C., Meier, I.C., Hertel, D., 2006. On the niche breadth of Fagus sylvatica:
soil nutrient status in 50 Central European beech stands on a broad range of
bedrock types. Ann. Forest Sci. 63, 355–368.

Lipson, D., Näsholm, T., 2001. The unexpected versatility of plants: organic nitrogen
use and availability in terrestrial ecosystems. Oecologia 128, 305–316.

Manzoni, S., Schaeffer, S.M., Katul, G., Porporato, A., Schimel, J.P., 2014. A theoretical
analysis of microbial eco-physiological and diffusion limitations to carbon
cycling in drying soils. Soil Biol. Biochem. 73, 69–83.

Moldrup, P., Olesen, T., Komatsu, T., Schjønning, P., Rolston, D., 2001. Tortuosity,
diffusivity, and permeability in the soil liquid and gaseous phases. Soil Sci. Soc.
Am. J. 65, 613–623.

Näsholm, T., Kielland, K., Ganeteg, U., 2009. Uptake of organic nitrogen by plants.
New Phytol. 182, 31–48.

Nye, P.H., 1980. Diffusion of ions and uncharged solutes in soils and soil clays. Adv.
Agron. 31, 225–272. doi:http://dx.doi.org/10.1016/S0065-2113(08)60141-8.

Oyewole, O.A., Inselsbacher, E., Nasholm, T., 2014. Direct estimation of mass flow
and diffusion of nitrogen compounds in solution and soil. New Phytol. 201,
1056–1064.

Oyewole, O.A., Jämtgård, S., Gruffman, L., Inselsbacher, E., Näsholm, T., 2016. Soil
diffusive fluxes constitute the bottleneck to tree nitrogen nutrition in a Scots
pine forest. Plant Soil 399, 109–120.

Placella, S.A., Brodie, E.L., Firestone, M.K., 2012. Rainfall-induced carbon dioxide
pulses result from sequential resuscitation of phylogenetically clustered
microbial groups. Proc. Natl. Acad. Sci. USA 109, 10931–10936.

Raison, R., Connell, M., Khanna, P., 1987. Methodology for studying fluxes of soil
mineral-N in situ. Soil Biol. Biochem. 19, 521–530.

Rothstein, D.E., 2010. Effects of amino-acid chemistry and soil properties on the
behavior of free amino acids in acidic forest soils. Soil Biol. Biochem. 42, 1743–
1750.

Rousk, J., Jones, D.L., 2010. Loss of low molecular weight dissolved organic carbon
(DOC) and nitrogen (DON) in H2O and 0.5 M K2SO4 soil extracts. Soil Biol.
Biochem. 42, 2331–2335.

Schimel, J.P., Bennett, J., 2004. Nitrogen mineralization: challenges of a changing
paradigm. Ecology 85, 591–602.

Schmidt, S., Näsholm, T., Rentsch, D., 2014. Organic nitrogen. New Phytol. 203, 29–
31.

Schwen, A., Zimmermann, M., Bodner, G., 2014. Vertical variations of soil hydraulic
properties within two soil profiles and its relevance for soil water simulations. J.
Hydrol. 516, 169–181.

Scott, E.E., Rothstein, D.E., 2011. Amino acid uptake by temperate tree species
characteristic of low- and high-fertility habitats. Oecologia 167, 547–557.

Tinker, B., Nye, P., 2000. Solute Movement in the Rhizosphere. Oxford University
Press, Oxford, UK.

Van Rees, K.C.J., Comerford, N.B., Rao, P.S.C., 1990. Defining soil buffer power
implications for ion diffusion and nutrient uptake modeling. Soil Sci. Soc. Am. J.
54, 1505–1507.

Warren, C.R., Taranto, M.T., 2010. Temporal variation in pools of amino acids,
inorganic and microbial N in a temperate grassland soil. Soil Biol. Biochem. 42,
353–359.

Weihermüller, L., Siemens, J., Deurer, M., Knoblauch, S., Rupp, H., Göttlein, A., Pütz,
T., 2007. In situ soil water extraction: a review. J. Environ. Qual. 36, 1735–1748.

Williams, M.A., Xia, K., 2009. Characterization of the water soluble soil organic pool
following the rewetting of dry soil in a drought-prone tallgrass prairie. Soil Biol.
Biochem. 41, 21–28.

Woodward, C., Henderson Jr., J.W., Wielgos, T., 2007. High-Speed Amino Acid
Analysis (AAA) on 1.8 mm Reversed-Phase (RP) Columns. Agilent Technologies,
Wilmington, DE, USA.

http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0075
http://dx.doi.org/10.1111/pce.12881
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0080
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0085
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0085
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0085
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0090
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0090
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0095
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0095
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0095
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0100
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0100
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0100
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0105
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0105
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0110
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0110
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0110
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0115
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0115
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0115
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0120
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0120
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0120
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0125
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0125
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0125
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0130
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0130
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0130
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0130
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0130
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0130
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0130
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0135
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0135
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0135
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0140
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0140
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0145
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0145
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0150
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0150
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0155
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0155
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0155
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0155
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0160
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0160
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0160
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0165
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0165
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0165
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0170
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0170
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0170
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0175
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0175
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0175
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0180
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0180
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0185
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0185
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0185
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0190
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0190
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0190
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0195
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0195
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0200
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0200
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0205
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0205
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0205
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0210
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0210
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0210
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0215
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0215
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0215
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0220
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0220
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0225
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0225
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0225
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0230
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0230
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0230
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0235
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0235
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0240
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0240
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0245
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0245
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0245
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0250
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0250
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0255
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0255
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0260
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0260
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0260
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0265
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0265
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0265
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0270
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0270
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0275
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0275
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0275
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0280
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0280
http://refhub.elsevier.com/S0929-1393(16)30301-8/sbref0280

	Short-term soil mineral and organic nitrogen fluxes during moderate and severe drying–rewetting events
	1 Introduction
	2 Material and methods
	2.1 Study site and experimental design
	2.2 Soil analysis
	2.3 Statistics

	3 Results and discussion
	Acknowledgments
	Appendix A Supplementary data
	References


