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Abstract To determine the dominant processes
controlling nitrogen (N) dynamics in soils and
increase insights into soil N cycling from nitrogen
isotope (6'°N) data, patterns of '>N enrichment in soil
profiles were compiled from studies on tropical,
temperate, and boreal systems. The maximum 5N
enrichment between litter and deeper soil layers
varied strongly with mycorrhizal fungal association,
averaging 9.6 & 0.4%o in ectomycorrhizal systems
and 4.6 £ 0.5%o in arbuscular mycorrhizal systems.
The "N enrichment varied little with mean annual
temperature, precipitation, or nitrification rates. One
main factor controlling 15N in soil profiles, fraction-
ation against '°N during N transfer by mycorrhizal
fungi to host plants, leads to '’N-depleted plant litter
at the soil surface and '’N-enriched nitrogen of
fungal origin at depth. The preferential preservation
of ""N-enriched compounds during decomposition
and stabilization is a second important factor. A third
mechanism, N loss during nitrification and denitrifi-
cation, may account for large 5N enrichments with
depth in less N-limited forests and may account for
soil profiles where maximum 6'°N is at intermediate
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depths. Mixing among soil horizons should also
decrease differences among soil horizons. We sug-
gest that dynamic models of isotope distributions
within soil profiles that can incorporate multiple
processes could provide additional information about
the history of nitrogen movements and transforma-
tions at a site.
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Introduction

Many processes in the nitrogen (N) cycle of terrestrial
soils can alter the 'N:'N ratios of source and sink
pools (Table 1). These ratios (expressed as 6'°N
values) in soils can accordingly be used to understand
dominant sources, sinks, and processes of N in
different biogeochemical reservoirs. Because surface
litter and fresh belowground inputs are relatively
labile compared to organic matter in deeper soil
horizons, differences in '°N between litter layers and
deeper horizons reflect the sum total of N transfor-
mations and N movements over decades to centuries.
0N usually increases with depth in forest and
grassland soils (Fig. l1a; Nadelhoffer and Fry 1988;
Hogberg 1997), although occasionally maximum
0N is at an intermediate depth followed by a
subsequent decline at greater depths (Fig. lb).
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Table 1 Fractionations against '°N associated with different
soil N processes

Process Fractionation Source
(%0)
N, fixation —2t02 (N
Assimilation —1to 1.6 )
Nitrification 12 to 35 3), (1)
Denitrification 0 to 33, 26 (D), @)
Ammonia volatilization 20 to 27 (N
Mineralization —1tol 2)
Ion exchange —1to —8 5)
Enzymatic hydrolysis 10 to 24 6)
N transfer, ECM fungi to plant host 8§ to 10 (6)
N transfer, AM fungi to plant host 0 to 3.5 @)

Positive values indicate that the reactant is enriched in SN
(e.g., NH,™ in nitrification) and the product is depleted in '°N
(e.g., NO3™ in nitrification). Sources: (1) Hogberg (1997), (2)
Kendall (1998), (3) Shearer and Kohl (1986), (4) Portl et al.
(2007), (5) Hiibner (1986), (6) Hobbie and Colpaert (2003), (7)
Handley et al. (1999b)

ECM ectomycorrhizal, AM arbuscular mycorrhizal

# Based on maximum difference between nonmycorrhizal and
mycorrhizal plants

Several mechanisms probably contribute to these
patterns.

Studying nitrogen dynamics and isotopic patterns in
the soil together may reveal which processes control
nitrogen isotope patterns in the soil. However, the
labile pools of ammonium, nitrate, and amino acids
turn over quickly (Jones and Kielland 2002; Schimel
and Bennett 2004) and therefore a snapshot of isotopic
composition may poorly represent the long-term
average signal. In addition, the intrinsic fractionation
factors (A) for specific reactions of labile N are
imperfectly known and the expression of that frac-
tionation depends on the relative sizes of the product
and reactant pools as well as competing biogeochem-
ical reactions (Robinson 2001). As a consequence, the
causes of soil 8'°N patterns are still quite uncertain.

Both the average 6'°N of bulk soil and the specific
pattern of 6'°N within a soil profile may provide
useful information on soil N cycling. As pointed out
by Amundson et al. (2003), the '°N of bulk soil at
equilibrium should reflect the 6'°N of inputs and the
net fractionation against "N during losses. In
contrast, patterns of d'°N within a soil profile can
reflect many different processes operating simulta-
neously. In this review, we focus on mechanisms
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Fig. 1 a Representative soil profiles of SN versus depth
under pasture (AM-dominated) and pine forest (ECM-domi-
nated) showing a consistent decline in 8N with depth. Pasture
from Ledgard et al. (1984), pine forest from the United States
Geological Survey (USGS unpublished); b Representative soil
profile with maximum &'°N at intermediate depths. Such
profiles are common in arbuscular mycorrhizal systems and in
sites of higher nitrogen availability. Data from Schuur and
Matson (2001) for a Hawaiian forest dominated by Metrosid-
eros polymorpha

influencing 0'°N distribution within soil profiles,
although discussions of d'°N distributions cannot be
completely separated from bulk soil 6'°N values.
Mechanisms of N export from soil and isotopic
fractionation against '°N during processes creating
exported compounds will control isotopic signatures
of bulk soil.

Three potentially important mechanisms influenc-
ing 6"°N values within soil profiles are given below:

1. Creation of '>N-depleted N by mycorrhizal fungi
and transfer of that 'N-depleted N to plants
(Hobbie et al. 2000). '“N-depleted litter then
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accumulates at soil surfaces through litterfall,
and ""N-enriched N derived from mycorrhizal
fungi accumulates at depth (Hogberg et al. 1996).

2. Creation of '’N-depleted N as products of
enzymatic hydrolysis (Silfer et al. 1992), ammo-
nification, nitrification, or denitrification fol-
lowed by leaching, gaseous losses, or uptake of
that '>N-depleted N by plants (Nadelhoffer and
Fry 1988; Handley and Raven 1992; Houlton
et al. 2007).

3. Mixing of soil N among different layers by
bioturbation, windthrow, or other mechanical
processes (Gabet et al. 2003).

Temperature and precipitation patterns can influ-
ence vegetation type and microbial activity, and
therefore indirectly influence litter quality, the prev-
alence of different mycorrhizal associations (Read
1991), and soil nitrogen dynamics. These climatic
factors can therefore influence '°N patterns of bulk soil
and vegetation (Handley et al. 1999a). For example,
foliar 6'°N values have been correlated with climate
across a wide range of study sites, with foliar 6'°N (and
bulk soil 6'° N) lower in colder, wetter areas compared
to warmer, drier sites, and lower at temperate than at
tropical sites (Handley et al. 1999a, Martinelli et al.
1999; Amundson et al. 2003). We might expect
climatic factors to have a similarly large influence on
SN patterns in soil profiles.

The two main types of mycorrhizal fungi, ecto-
mycorrhizal fungi and arbuscular mycorrhizal fungi,
differ in their spatial extent (Coleman et al. 2004),
effects on plant 5'>N (Hobbie and Hobbie 2008), and
enzymatic capabilities (Chalot and Brun 1998). They
are generally adapted to different N dynamics, with
arbuscular mycorrhizal fungi primarily taking up
soluble nutrients whereas ectomycorrhizal fungi often
possess enzymes to degrade complex organic com-
pounds that arbuscular mycorrhizal fungi lack (Ols-
son et al. 2002). Partitioning of nitrogen isotopes has
been reasonably well-studied in ectomycorrhizal
systems and studied very little in arbuscular mycor-
rhizal systems.

This study will examine patterns of d'°N with
depth in terrestrial soils and compare those patterns
with data on precipitation, temperature, nitrification
rates, and mycorrhizal association. We will then
discuss the main direct controls over soil '°N
patterns, such as fractionation against '°N during

creation of mycorrhizal transfer compounds, leaching
of "’N-depleted nitrate or dissolved organic nitrogen
down soil profiles, mixing among soil layers by
windthrow (Kramer et al. 2004) or bioturbation
(Kaste et al. 2007), or gaseous losses via denitrifica-
tion. Finally, we will synthesize the factors influenc-
ing N movement and "°N fractionation within soil
profiles into a conceptual model.

Methods

Small natural variations in the ratio of "’N to "N
have proven useful as markers of N cycling processes
in soil profiles. To express these variations in a
tractable form, I5N: "N ratios for samples are refer-
enced against a universal standard and calculated as
S'5N values, defined as 515Nsample = [(N/"N)gum.
pie/(N/"*N)andara — 11 x 1,000, with the standard
the '"N:'N ratio of atmospheric N,. The isotopic
difference between two values is often expressed as
&= 515Nsample1 - 515Nsamp152- The discrimination
against the heavy isotope ('’N) during chemical or
physical processes is defined as A = (8" N,eactant
- 515Nproduct)/(1 + 515Nreactant)'

For our analyses, data on 6'°N patterns in soil
profiles were collected from published and unpub-
lished sources. '°N data from the litter layer, organic
horizon, and mineral horizon were necessary to be
considered a profile. Data were obtained directly
from authors or digitized from published figures. If
available, data on mean annual precipitation, mean
annual temperature, nitrification rates, and soil %N
were also collected. The potential mycorrhizal asso-
ciation for the dominant vegetation of each site was
determined from the available literature (e.g., Molina
et al. 1992). To provide additional insight on the
mechanisms causing soil '°N profile patterns, data on
isotopic patterns by soil particle size, density, or
chemistry were also collected. Data from 88 soil
profiles were collected from the literature, with sites
in the USA (21 profiles), Europe (26 profiles), and
Brazil (18 profiles) contributing much of the data.

Several previous studies have used the '°N
enrichment of deep soil relative to either plant foliage
or surface litter as an integrated measure of nitrogen
cycling processes in the soil profile (Garten 1993;
Emmett et al. 1998; Amundson et al. 2003). Here, the
maximum >N enrichment (&) from the litter layer
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to 50 cm soil depth was calculated. This "N
enrichment with depth was then compared to climatic
factors, nitrification rates, and to the potential
mycorrhizal association of the dominant vegetation
at each site. Because litter layers were occasionally
absent (particularly in the tropics), the maximum '°N
enrichment from foliage to 50 cm soil depth was also
calculated. Multiple regressions of >N enrichment
versus temperature and precipitation were done
separately for sites dominated by ectomycorrhizal
or arbuscular mycorrhizal symbioses.

Analytical and computational solutions to '°N
enrichment patterns in soil profiles

Several approaches have been developed that provide
some insight into the pattern of '>N enrichment in soil
profiles. In a simple analytical approach to estimating
the isotopic composition of soil and plants (expressed
as ratios (R) SN/ 14N), Amundson et al. (2003)
calculated that at steady-state the bulk soil isotopic
ratio (R,) could be expressed as the average isotopic
ratio of all inputs (R;npys) divided by the fractionation
factor (o) during N losses, with o, defined as the
rate of a process for a heavy isotope (ky) divided by
the rate of a process for a light isotope (k).

Ry = Rinputs/aex

This is strictly equivalent to BN = 515Ninpum +
Aoy (1 + 515Ninput5), and for values of 515NinputS close
to 0%o can be expressed as:

515Ns0i1 = 515Ninputs + Aex

If we assume that soil N is the ultimate source for
plant N, then the isotopic ratio of plant N (R,,) can be
simply expressed as reflecting the fractionation (cp)
going from the soil to the plant (Amundson et al.
2003).

Rp = R
This is equivalent to 515Nplam = 0PNy — Ap

These simple isotopic mass balance formulations are
important to keep in mind when considering nitrogen
isotope patterns in plants and soil. However, these
equations do not provide of themselves any mechanis-
tic insight into processes controlling isotopic compo-
sition. Fractionation factors in these equations must be
considered as being averages for multiple processes.
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An alternate approach has applied a Rayleigh
equation to patterns of %N and 6'°N in soil profiles.
The Rayleigh equation was first applied to soils by
Mariotti et al. (1981) to study isotopic fractionation
during denitrification but has primarily been used to
examine unspecified N loss processes within soil
profiles. In the Rayleigh equation, soil is treated as a
semi-closed pool which can lose nitrogen as one
moves down the soil profile but can not gain nitrogen.
By plotting the log of the nitrogen concentration
against the 0'°N in soils, a fractionation factor (A)
can be calculated for the nitrogen loss, according to
Eq. (1). The value of A (e.g., Table 2) may provide
insight into the dominant mechanism of nitrogen loss.
However, the assumptions of the Rayleigh equation
make it difficult to interpret in many cases, as it
requires: (1) a semi-closed system, (2) a single
removal mechanism, and (3) declines in soil %N only
from removal and not from dilution (e.g., admixture
of additional mineral soil). With f defined as the
fraction of N at depth relative to the surface N, the
Rayleigh equation can be expressed as

515Ndeplh = 515Nsurface - Alnf (1)

We propose here an additional analytical approach
incorporating two main factors, the discrimination
against '°N during creation of transfer compounds by
mycorrhizal fungi and the discrimination against "N
during formation of stable soil organic matter. The
basis for this approach is an equation that integrates
0'°N patterns among plants, mycorrhizal fungi, and
available N (Hobbie et al. 2000), in which A; is the
fractionation during creation of transfer compounds
within mycorrhizal fungi and T; is the proportion of N
assimilated by mycorrhizal fungi that is transferred to
host plants. If all plant N is derived from mycorrhizal
fungi then Eq. (2) results, if only a fraction (f) is
derived from mycorrhizal fungi, then Eq. (3) results.

5]5Nplant = 515Navailablenitr0gen - Af X (1 - Tr) (2)

5]5Nplam = 515I\Iavailablenitrogen — Ap x (1 - T,) X f
(3)

The equation for the mycorrhizal fungus is:

5]5Nfungi = (slsNavailablenitrogen + Af X T, (4)

We can combine Egs. (3) and (4) to calculate the
isotopic difference between fungi and plant
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Table 2 Fractionation factors (A) estimated from soil SN patterns

Environment Method A (%o0) Comments Source
Ectomycorrhizal
Pinus (7.5-15 cm) Rayleigh 5.5 Time-series Billings and Richter (2006)
Pinus (35-60 cm) Rayleigh 9.7 Time-series Billings and Richter (2006)
Pinus (soil) Rayleigh 22 4+04 Lindahl et al. (2007)
Pinus Rayleigh 47 +£03 USGS (unpublished)
Alnus/Picea Modeling 8-10 Mycorrhizal transfer Hobbie et al. (2000)
Nothofagus Rayleigh 47,79,43 Boeckx et al. (2005)
Spruce Rayleigh 34+0.7 Mariotti et al. (1980)
Forests Rayleigh 24,52 High N deposition Vervaet et al. (2002)
Pinus Rayleigh 2.9 Plantation Nadelhoffer et al. (2004)
Hardwood Rayleigh 3.8 Nadelhoffer et al. (2004)
Arbuscular mycorrhizal
Fields Modeling 0to —3.6 Active to stabilized Baisden et al. (2002a)
Fields Modeling 33to -74 Active to passive Baisden et al. (2002a)
Meadows Rayleigh 25+ 08 Mariotti et al. (1980)
Forests Rayleigh 31+ 1.1 Wada et al. (1984)
Cryptomeria Rayleigh 1.7-3.3 Koba et al. (1998)
Hardwoods Rayleigh 2.74+03 USGS (unpublished)
Pasture Rayleigh 1.3 Mineralization Ledgard et al. (1984)
Nonmycorrhizal
Hardwood litter Rayleigh 2.6 £0.8 Inorganic N losses Nadelhoffer and Fry (1988)
Desert soil Rayleigh 8 NH; volatilization Evans and Belnap (1999)

Arbuscular-ectomycorrhizal

Araucaria-Nothofagus
Unburned Rayleigh 6.2
Burned Rayleigh 43

Boeckx et al. (2005)
Boeckx et al. (2005)

Rayleigh fractionation factors either provided in reference or estimated from the following equation in regression analyses,

515Ndepth - 515Nsurf’dce =—-Aln (%Ndepth/%Nsurﬁ\ce)

515Nfungi - 515Nplant = Af X (Tr +f =T Xf) (5)
If we assume that lszlam = 6" Njiyer, then
515Nfungi - 515Nliller = Ap X (Tr +f =T, Xf) (6)

We assume that soil N can be conceptualized as
consisting of fractions deriving from either plant N
(1 — f) or mycorrhizal fungal N (fy), and that further
processing and loss results in an enrichment (&4) of
the soil N found at depth relative to its ultimate
origin.

515Nsoi1 :ff X 515Nfungi + (1 _ff) X 515Nplant + &4
(7)

515Ns0i1 - 515Nlitter :ff X 515Nfungi + (1 _ﬁ)
x 0" Niier — 0" Nijgeer + &4

(8)

515Nsoil - 515Nlitter :ff X (515Nfungi - 515Nlitter) + &4

©)

0" Nyoit — 0 Niiwer =fi X Ap X (T, +f — T, X f) + 4.

(10)

If f=1, and "°N enrichment during decomposi-
tion is relatively constant in deep soil horizons, then
the relative contribution of plant-derived versus
mycorrhizal-derived N to deep soil horizons can be
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estimated from 6'°N patterns by the following
equation:

0P Noit — 0" Niiger = fi X As + 4. (11)

The quantity f; is the fraction of soil N derived
from mycorrhizal fungal litter, A; the fractionation
during transfer of N from mycorrhizal fungi to host
plants, and ¢4 the cumulative enrichment in 5N of
stable soil organic N due to decomposition and loss
processes. The use of a constant enrichment factor ¢4
is one underlying assumption in this equation. The
lack of large shifts in soil 6'°N with increasing depth
beyond the first 30 cm or so in many cases is one
argument that turnover of soil N and accompanying
isotopic fractionation may slow down dramatically
with declines in labile N. For the special case of f
equal to one, Eq. (11) can be rearranged to estimate
the relative importance to deep soil horizons of N
derived from either mycorrhizal fungi (ff) or plants

I —s.

(1 _ff) = (515Nsoil - 515Nlitter - Sd)/[(l - Tr) X Af]
(12)

ff = (515N50i1 — 515N1nter - 8d)/Af. (]3)

The value for A¢ is constrained by estimates from
computer and analytical modeling in field studies and
culture studies to 8—10%o0 (Hobbie et al. 1999, 2000,
Hobbie and Colpaert 2003). The value for &4 is less
well-constrained. We use here a value of 3%o based
on the calculated enrichment factor during litter
decomposition of 2.6 £ 0.8%0 (Nadelhoffer and Fry
1988).

Results

Sites were classified by the dominant mycorrhizal
type of the vegetation, with 49 ectomycorrhizal sites,
33 arbuscular mycorrhizal sites, and six sites dom-
inated by both ectomycorrhizal and arbuscular
mycorrhizal plants. About 40% of the ectomycorrhi-
zal sites were coniferous, 40% deciduous, and 20%
mixed coniferous/deciduous. From the sites with
typically arbuscular mycorrhizal associations, 64%
were classified as broadleaf-evergreen, 18% mixed
broadleaf-evergreen/coniferous, 9% coniferous, and
9% grassland. The sites with both ectomycorrhizal
and arbuscular mycorrhizal vegetation were mainly
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from savannas (cerrado) in Brazil. The mean annual
precipitation ranged from 600 to 7,000 mm/year and
mean annual temperature ranged from 4.5 to 27.0°C,
with higher temperature and precipitation for arbus-
cular mycorrhizal sites (average of 17.7°C and
2,230 mm) than for ectomycorrhizal sites (average
of 10.6°C and 1,540 mm) (Fig. 2). Median precipi-
tation was 2,250 mm/year for arbuscular mycorrhizal
sites and 1,100 mm/year for ectomycorrhizal sites.

The climatic factors of mean annual precipitation
and mean annual temperature were not strongly
related to the maximum '°N enrichment in soils
(Figs. 3, 4). Temperature and precipitation together
accounted for 16% of the variability in '°N enrich-
ment between litter and deep soil, and for 8% of the
variability in "N enrichment between foliage and
deep soil. In both cases temperature was the stronger
control. Splitting the data by mycorrhizal type
revealed that '>N enrichment at arbuscular mycorrhi-
zal-dominated sites was weakly and negatively
correlated with precipitation (r2 = 0.17, p = 0.047),
with no other significant regressions (Table 3).

Across all studies, differences in 6'°N between the
surface and deeper soil layers were uncorrelated with
nitrification rates (Fig. 5) (¥ = 0.05). This pattern
contrasts with "’N enrichment between foliage and
deeper soil decreasing with increasing nitrification in
several prior studies (Garten 1993; Garten and Van
Miegroet 1994; Emmett et al. 1998; Pardo et al.
2002).
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Fig. 2 Mean annual precipitation (MAP) versus mean annual
temperature (MAT) for soil profiles studied. Symbols: filled
circles, AM-dominated sites; clear circles, ECM-dominated
sites; clear triangles, mixed AM/ECM sites. Studies are listed
in the Appendix in Electronic Supplementary Material
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Table 3 Statistics on a multiple regression of 5N enrichment
(&soi1) Vversus climatic factors of mean annual precipitation
(MAP) and temperature (MAT)

Mycorrhizal type n P P (MAP) P (MAT)
Arbuscular mycorrhizal 32 0.17  0.047 0.266
Ectomycorrhizal 45 0.02 0.984 0.347

The correlation (+%) for the multiple regression is given, as well
as the significance level (P) for the two independent variables
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Fig. 5 Nitrification rate versus changes in 5N from litter to
50 cm soil depth from four tropical and temperate sites. Clear
circles, Kitayama and Iwamoto (2001); clear upright triangles,
Vervaet et al. (2002); clear upside-down triangles, Portl et al.
(2007); clear squares, Silver et al. (2000); filled circles,
Nardoto (2005); filled upright triangles, Schuur and Matson
(2001); filled upside-down triangles, Garten (1993); filled
squares, Pardo et al. (2007). Two other studies compared '°N
patterns with different units for nitrification rates; those results
are given in the Appendix in Electronic Supplementary
Material (e.g., Emmett et al. 1998)

In contrast to the small effects of nitrification and
climate on 6'°N profiles, 15N enrichment within soil
profiles differed significantly between sites domi-
nated by ectomycorrhizal versus arbuscular mycor-
rhizal symbioses (Fig. 1; Appendix in Electronic
Supplementary Material). Sites with ectomycorrhizal
plants were consistently (47 of 48) enriched in '°N
with increasing depth, whereas only about 60% of the
sites dominated by arbuscular mycorrhizal plants
were enriched in '°N with depth. The other 40% of
arbuscular mycorrhizal sites attained maximum 6'°N
at some shallow depth and then declined in d'°N in
deeper soil layers. The '°N enrichment from the litter
layer to 50 cm was greater in ectomycorrhizal sites
(9.6 £ 0.4%0) than in arbuscular mycorrhizal sites
(4.6 £ 0.5%o).

Researchers have used several approaches to
quantify fractionation factors (A) from '°N patterns
in soil profiles or during litter decomposition, of
which the most common is the Rayleigh equation
(Table 2). An alternative analytical framework to the
Rayleigh equation was developed in the “Methods”
section that stressed the role of mycorrhizal fungi in
controlling 6"°N in soil profiles. In N-limited tem-
perate and boreal forests dominated by ectomycor-
rhizal plants, fungal colonization of fine roots is high,
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with most absorptive surfaces covered by a fungal
sheath (Taylor and Alexander 2005; Guo et al. 2008).
Under these conditions, most plant N is probably
derived from mycorrhizal fungi and not from direct
plant uptake (Wallenda et al. 2000; Hobbie and
Hobbie 2008), so that Eq. (13) can be applied to
estimate the relative importance of mycorrhizal fungi
to soil profile development in 5'°N. However, this
approach will not be successful at high N availability
if fractionations against "’N during transformations
of inorganic N are quantitatively important in deter-
mining N distributions within soil profiles. With
values of 3 and 10%o used for ¢4 and A respectively,
and values of 9.6 and 4.6%o applied for the quantity
0" Nyoit — 0" Nijer for ectomycorrhizal and arbus-
cular mycorrhizal systems, respectively, then the
proportion of deep soil N derived from mycorrhizal
fungi (fp) is about 70% for ectomycorrhizal systems
and ~20% for arbuscular mycorrhizal systems.

Processes causing fractionation between the soil
surface and deeper soils include loss of '*N-depleted
inorganic N from soil via nitrate leaching or ammonia
volatilization, denitrification, or transfer of '°N-
depleted N from mycorrhizal fungi to host plants.
Since no nitrogen is lost from the soil-plant system in
the last mechanism, the overall signature of the soil-
plant system will not change. If a single mechanism
dominates removal, then insights into specific mech-
anisms of nitrogen removal are theoretically possible
by applying the Rayleigh equation because fraction-
ation against '°N differs for the above mechanisms.
Other approaches explaining 6'°N patterns within
soil profiles have incorporated additional opportuni-
ties for fractionation, such as fractionation against
N during N movement between organic pools
differing in lability (Baisden et al. 2002a). Values
for A are generally higher in ectomycorrhizal sites
(average ~ 5%o) than in arbuscular mycorrhizal sites
(average ~2-3%o) (Table 2). A modeling study in
ectomycorrhizal forests estimated a fractionation
against '°N during ectomycorrhizal transfer of 8—
10%o (Hobbie et al. 2000), whereas a modeling study
in arbuscular mycorrhizal fields estimated fraction-
ation during movement among different soil fractions
of 0 to —7%o (Baisden et al. 2002a).

Different disturbance processes can also alter 5'°N
patterns in soil profiles. For example, burning surface
layers often eliminates the most '*N-depleted portion
of the soil profile (Fig. 6), and other disturbances
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Fig. 6 The 5N soil profile at an unburned (filled circles) and
burned (open circles) site in an old-growth Araucaria-
Nothofagus in Chile. Disturbances such as burning, clear-
cutting, and blowdowns appear to decrease the >N enrichment
between the litter and deeper soil layers. Redrawn from Boeckx
et al. (2005)

such as windthrow or clearcuts can also alter 5'°N
patterns in soil profiles (Table 4).

Isotopic patterns in soil particles of different
densities, sizes, surrounding vegetation, or chemical
properties such as aliphaticity can also potentially
reveal the causes of '°N enrichment in soil profiles
(Table 5). Grassland or arbuscular mycorrhizal sites
sometimes have smaller increases in 0'°N with
increasing density than ectomycorrhizal sites. In an
early study in pastures, Ledgard et al. (1984) reported
that sand, silt, and clay fractions differed in 5N
content, with clay about 4 and 3%o enriched in '°N
relative to sand and silt, respectively. In this study,
fractions increased on average 1.4%. with depth.
About half of the increase of bulk soil with depth
arose from the 1.4%o increase in 6'°N of individual
fractions and half arose from large increases in the
proportion of total soil N in the clay fraction with
depth. Soils with more clay-sized particles are
generally higher in 6"°N than sandy soils (Silver
et al. 2000; Baisden et al. 2002b; Quideau et al.
2003).

Discussion

Researchers have proposed various direct (e.g., loss
of 15N—depleted nitrate) and indirect (e.g., climate)
controls over d'°N patterns in soil horizons. Indirect
controls influence 6'°N patterns by affecting the
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Table 4 Disturbance alters '°N enrichment with depth, with &, defined as 515Ndccp soil = 0" Niitter

Disturbance &0i1 Without disturbance (%o) &soit With disturbance (%o) Reference

Burning 5.8 1.0 Boeckx et al. (2005)
Windthrow 8.5 3.0% 6.7° Kramer et al. (2003)
Clear-cut 10 6.5 Pardo et al. (2002)

* Major windthrow

® Moderate windthrow

Table 5 '°N fractionation patterns among density and size fractions for various studies

Coniferous forest! Coniferous forest? Pasture’ Other sites

85N (%) Density SN (%) Density SN (%) Size class & (%o) Soil fractions

0.03 1.65 5.01 £ 0.27% <1.65 3.0-6.0 Sand 0-2 HF-LF*

2.67 1.85 5.68 £+ 0.16" >1.65 4.5-6.3 Silt 1-3 HF-floatable*
4.19 2.00 6.58 + 0.25° <1.65 7.6-9.0 Clay 5 Stabilized N-sand’
4.80 2.28 7.18 £+ 0.29° >1.65 3 HF-LF®

542 2.55 2.8 £1.73° <1.65 1.6 <0.5 to >0.5 mm’
4.83 <2.55 6.65 £ 0.22° >1.65

Either isotopic values (3'°N) or "N enrichment (&) values are given for specific fractions

! Coniferous forest in Alaska, Sollins et al. (2006)

2 Coniferous forest in Alaska, Kramer et al. (2004). Disturbance level: “Heavy. ®Moderate. “None
3 Improved and native New Zealand pasture, across three depths (0-5, 5-10, and 50-60 cm), Ledgard et al. (1984), 515Nc1ay —

5]5Nsand = 4%o, 515Nclay - 5]5Nsil\ = 3%o

4 Four agricultural California sites from 3 kyr to 4 Myr old, Baisden et al. (2002b). HF heavy fraction, <2.22 g cm™>; LF light

fraction, >2.22 g cm ™

5 Native and cultivated prairie, Tiessen et al. (1984). Stabilized N > 12%o, sand 5%o lighter, native and cultivated prairie
© Prairie and forest in Kansas, USA. Density is LF < 1.3 g cm ™ < HF. Billings (2006)

’ Disturbed grasslands, humic fractions, greater and less than 0.5 mm, Kerley and Jarvis (1997)

factors directly controlling 6'°N. Partitioning of '°N
within soil profiles, compound classes, or organisms
will only influence patterns of 6'°N among soil
horizons if "’N-enriched or '’N-depleted nitrogen can
then preferentially move up or down soil profiles. In
the following sections, we discuss the main potential
controls over soil 6"°N patterns, including climate,
mycorrhizal fungi, differential preservation of
organic matter, nitrification, denitrification, distur-
bance, and bioturbation.

Climate

Mean annual precipitation and mean annual temper-
ature significantly correlated to either bulk soil 6'°N
or foliar 6'°N in several review papers (Handley et al.
1999a; Amundson et al. 2003). In these studies, foliar

8"°N and bulk soil 5"°N were higher in warmer, drier
tropical areas, and lower in colder, wetter regions.
Although climatic factors strongly correlated with
bulk soil 6'°N in these studies, in our study they did
not correlate with '°N enrichment with depth in soils.
This suggests that the processes controlling foliar and
soil 0'°N at large scales differ from the processes
controlling the development of §'°N patterns within
soil profiles, and that nitrogen dynamics within soil
profiles are not primarily controlled by climatic
factors. Prior correlations of 6'°N with climate may
reflect an underlying correlation between climate and
mycorrhizal type (Read 1991). In the current study
the mean climate averaged colder for ectomycorrhi-
zal symbioses (11°C) than for arbuscular mycorrhi-
zal symbioses (18°C). Precipitation correlated
weakly with >N profile enrichment in arbuscular

@ Springer



364

Biogeochemistry (2009) 95:355-371

mycorrhizal systems. Because climate will also
covary with other system properties (e.g., forests
versus grasslands), an additional possibility is that
systems dominated by woody plants behave differ-
ently from systems dominated by herbaceous plants
or grasslands.

Nitrification and denitrification

Because nitrification and denitrification are two
common processes in soils and fractionate highly
against '°N, they have been occasionally examined to
explain "N enrichment in soil profiles. Several
studies have compared nitrification rates to enrich-
ment factors (&, here defined as s — Oroliage)
between foliar 6'°N and soil 6'°N (Garten 1993;
Pardo et al. 2002; Vervaet et al. 2002). In Garten
(1993), nitrification rate strongly and negatively
correlated with the difference between foliar 6'°N
and mineral soil 6"°N in a deciduous forest in
Tennessee, with nitrification rates increasing from 0
to 12 pg g ' day”' as the ' N enrichment of
mineral soil relative to foliage decreased from 8 to
4%o0. Emmett et al. (1998) also reported that nitrifi-
cation rate negatively correlated with the enrichment
factor across a European transect and Pardo et al.
(2002) attributed increases in 65N in surface soil
horizons after disturbance to increased nitrification.
Despite these occasional successes at local scales,
nitrification is not a straightforward mechanism for
causing enrichment in '°N with depth. The high
mobility of nitrate in soil and the potential for '°N-
depleted nitrate to be either leached, assimilated by
plants and microbes, or transformed into a residual
pool of 'SN-enriched nitrate after denitrification
means that the isotopic contribution of nitrification
to different soil horizons is quite difficult to assess.
Given the high mobility of nitrate in soils, the most
probable outcome is for '°N-depleted nitrate to be
transported down the soil profile and either assimi-
lated or denitrified. Nitrification rates and '°N
enrichment with depth are uncorrelated (Fig. 5,
r» = 0.05), and nitrate leaching followed by immo-
bilization could plausibly produce patterns of >N
depletion at depth relative to intermediate soil depth.

The loss of '"N-depleted N from soils during
denitrification has also been invoked to explain 6'°N
patterns in soil profiles. Because laboratory studies
indicate that denitrification discriminates from 13 to
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30%o against 15N (Perez et al. 2000), the remaining,
'>N-enriched compounds could be assimilated by
microbes or other soil fauna and over time preserved
and sequestered. This scenario was suggested
recently by Houlton et al. (2006) as explaining
nitrogen isotope patterns across a large rainfall
gradient in arbuscular mycorrhizal Metrosideros
forests of Hawaii. At very high rainfall, once a pool
of N became available for denitrification, it was
completely converted to N, and N,O. Since denitri-
fication went to completion, no isotopic partitioning
between reactants and products was possible. At
lower rainfall, the authors suggested that incomplete
denitrification accounted for '°N enrichment of
residual soil N.

The influence of denitrification on 15N enrichment
in soil profiles will depend on the Variable Rates of
denitrification vary widely within soil profiles
depending on water saturation, nitrate availability,
and carbon availability (Hedin et al. 1998; Goldberg
et al. 2008). The location and degree of "N
enrichment within soil profiles caused by denitrifica-
tion should therefore also vary.

Assessing the role of denitrification in soil §'°N
patterns requires quantitative estimates of denitrifi-
cation versus other pathways of N loss. The
extremely low rates of denitrification in many soils
(Barton et al. 1999; Stehfest and Bouwman 2006)
mean that denitrification is quantitatively unimpor-
tant in many N-limited systems. Average denitrifica-
tion rates (as N,O) were much higher in tropical
forests (0.85 kg ha~' year™") than in deciduous for-
ests (0.48 kg ha~! year™"), coniferous forests
(0.11 kg ha™' year™"), or savannas (0.12 kg ha™' -
year ') (Stehfest and Bouwman 2006), suggesting
that denitrification in tropical systems was more
likely to influence 6'°N patterns than in other
systems. One complication to applying loss rates of
N,O to estimate N effects on soil is that the
proportion of nitrogen lost as N, versus N,O during
denitrification is extremely difficult to determine
(Gruber and Galloway 2008). In a temperate forest,
Portl et al. (2007) used a ratio of 6:1 for N,:N,O flux
during denitrification, and in tropical forests Houlton
et al. (2006) used isotopic mass balances to calculate
that denitrification to N, could often be much higher
than denitrification to N,O under low O, conditions.

In the latter study, the authors concluded that
partial conversion of nitrate during denitrification
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could strongly influence soil >N values by creating a
pool of '"N-enriched nitrate that could be subse-
quently reassimilated by the microbial community
and ultimately increase soil 0'°N at depth. If this
nitrate is preferentially assimilated by microbes at
depth rather than by trees, then this could plausibly
cause large enrichments in >N with depth in tropical
forests. This mechanism may operate in some tem-
perate forests as well with high N cycling rates, such
as the beech-spruce (ECM) forest studied by Portl
et al. (2007) in which denitrification rates were
0.7 kg ha™' year™' as N,O. We conclude that nitri-
fication, denitrification, and the leaching or diffusion
of the products of these two processes could contrib-
ute to soil profiles of 5'°N, and could be particularly
important for profiles with maximum 6'°N values at
intermediate depths, such as many sites dominated by
arbuscular mycorrhizal vegetation.

Mycorrhizal fractionation

Relative to bulk soil, foliar litter and fine root litter
are generally depleted in '°N, whereas sporocarps of
mycorrhizal fungi are often enriched in '°N (Pardo
et al. 2006, Hobbie and Hobbie 2008). Nitrogen
availability can influence the partitioning of nitrogen
and nitrogen isotopes between plants and associated
mycorrhizal fungi (Hobbie and Colpaert 2003) and
could therefore potentially influence nitrogen isotope
profiles in soil. Accordingly, inputs of '*N-depleted
foliar litter to the soil surface (Nadelhoffer and Fry
1988; Hogberg 1997) and inputs of '’N-depleted root
litter and '°N-enriched mycorrhizal fungi at depth
could result in deep soil horizons being substantially
enriched in '°N relative to surface litter (Hogberg
et al. 1996). The degree of '°N enrichment should
reflect in part the relative importance of root versus
mycorrhizal fungi as sources for soil organic N in
stable soil organic matter. The common practice of
sieving soil prior to sampling may preferentially
remove root litter, potentially increasing the per-
ceived contribution of fungal litter to total soil N.
The type of mycorrhizal symbiosis dominant on a
site greatly influences soil '’N enrichment patterns.
The average '’N enrichment from litter to 50 cm soil
depth for sites dominated by ectomycorrhizal vege-
tation is 9.6 + 0.4%o and for sites dominated by
arbuscular mycorrhizal vegetation is only 4.6 &
0.5%o. Ectomycorrhizal plants are generally depleted

in "N relative to arbuscular mycorrhizal plants
(Michelsen et al. 1996, 1998; Schmidt and Stewart
1997; Hobbie et al. 2005), although exceptions exist
(Hogberg 1990; Pardo et al. 2006). Ectomycorrhizal
fungi are enriched in "N relative to their host plants.
The difference in 6'°N between ectomycorrhizal
plants and ectomycorrhizal fungi arises because of a
8—10%o fractionation during the creation of transfer
compounds by ectomycorrhizal fungi (Hobbie et al.
2000; Hobbie and Colpaert 2003). The few culture
studies of the effects of mycorrhizal colonization on
the 6'°N of arbuscular mycorrhizal plants have been
inconclusive (Handley et al. 1993; Azcon-Aquilar
et al. 1998), but in field studies arbuscular mycorrhi-
zal plants average 2%o depleted in '°N relative to
nonmycorrhizal plants (Michelsen et al. 1996, 1998;
Schmidt and Stewart 1997; J. Craine, personnel
communication). This suggests that similar "N
fractionation processes operate in arbuscular mycor-
rhizal and in ectomycorrhizal symbioses.

Additional evidence that ectomycorrhizal symbio-
sis could influence "N differences between litter
layers and the soil comes from culture studies with
nonmycorrhizal and ectomycorrhizal Pinus sylvestris
(Hobbie and Colpaert 2003). After a short growth
period, the perlite growth media was enriched in BN
relative to foliage on average by 1.4%o0 for nonmy-
corrhizal pine, 3.2%o for Thelephora-colonized pine,
and 4.3%o for Suillus-colonized pine. In the mycor-
rhizal cultures, perlite N was primarily of fungal
origin. If similar partitioning of '>N operates in
forests, then the flux of nitrogen through mycorrhizal
fungi and the resulting movement of '*N-depleted
nitrogen from soil horizons to the plant and then into
litter could explain many of the observed 6'°N trends
with depth in soil. In this scenario, ’N-depleted
foliar litter contrasts with stable soil nitrogen at depth
processed through mycorrhizal fungi with a 8—10%o
enrichment in ectomycorrhizal-dominated systems.

Although direct measures of carbon allocation to
arbuscular mycorrhizal fungi are few (Johnson et al.
2002; Gavito and Olsson 2003), the available
evidence and the much smaller spatial extent of
arbuscular mycorrhizal fungal hyphae relative to
ectomycorrhizal fungal hyphae (e.g., arbuscular
mycorrhizal hyphae extend up to 6-10 cm from
roots, ectomycorrhizal hyphae extend up to several
meters from roots; Coleman et al. 2004), indicate that
arbuscular mycorrhizal fungi should contribute less to
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the soil N pool than ectomycorrhizal fungi. This
would account in part for the smaller values of & in
arbuscular mycorrhizal-dominated systems than in
ectomycorrhizal-dominated systems. The larger '°N
enrichment between litter and deeper soil horizons in
ectomycorrhizal-dominated than in arbuscular
mycorrhizal-dominated sites is consistent with isoto-
pic partitioning between mycorrhizal fungi and their
plant hosts largely driving these '°N enrichment
patterns.

Fractionation during decomposition

Enrichment in '°N during decomposition could also
influence soil 6'°N patterns if coupled to losses of
N-depleted inorganic or organic N. Fractionation
against 5N during ammonification, nitrification, or
denitrification creates '’N-depleted products. Subse-
quent assimilation, leaching, or gaseous losses could
increase the '°N content of the residual soil N. For
example, Nadelhoffer and Fry (1988) calculated that
N losses from temperate forest litter fractionated by
2.6 £ 0.8%o against '°N during a 600-day laboratory
incubation. About 84% of losses were as ammonium
or nitrate, with the remaining 16% attributed to
denitrification.

Although fractionation during decomposition is
often invoked to explain enrichment in "N with
increasing soil depth, few studies have actually
measured this fractionation. Melillo et al. (1989)
observed minimal 6'°N change during a litterbag
decomposition study on red pine. During the first
20 months of their study, the litter immobilized N
(N% increased) and 6'°N actually decreased by 2 to
3%o. Over the next 6.5 years N loss was large but
became only slightly enriched in >N, with a calcu-
lated enrichment factor of about 0.5%o. This is much
less than the 2.6%o enrichment factor calculated from
laboratory incubations of the upper 10 cm of soil
(including litter) from an oak-dominated site
(Nadelhoffer and Fry 1988). Lindahl et al. (2007)
recorded the relative abundance of saprotrophic and
ectomycorrhizal fungi in a soil profile of a boreal
forest. Soil horizon §'°N increased less than 2% in
the upper litter layers where saprotrophic fungi
dominated community composition and increased
about 8%o thereafter where ectomycorrhizal fungi
dominated community composition. The few studies
reported suggest that the isotopic effects during
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decomposition of both litter and root material are
relatively small, at only a few per mille. These small
enrichment factors of 3%o or less cannot fully account
for the large shifts in '>N in many soil profiles, since
many of the profiles studied in Table 2 resulted in
calculated enrichment factors of 5%o or greater.

Soil fauna, soil foodwebs, bioturbation,
and disturbance

Since soil fauna process large quantities of soil N
(deRuiter et al. 1993; Moore et al. 2005), cycling of N
through soil foodwebs could potentially influence soil
6"°N patterns. Although N can be released from litter
directly during fungally or bacterially mediated
decomposition (i.e., when the C:N ratio of available
C and N divided by the microbial efficiency is less
than the C:N of microbial biomass), much N release
in soils depends on grazing of primary decomposers
by higher trophic levels such as nematodes and
amoebae (Clarholm 1981, 1985). §'°N values
increased 3.4%o per trophic level during N transfer
from litter to detritivores to predators (Ponsard and
Arditi 2000); Haubert et al. (2006) found similar °N
enrichment during trophic transfer of N in soil
microinvertebrates (2.9 £ 2.1%o). If '’N-enriched
nitrogen from soil fauna is preferentially preserved
and the ""N-depleted excretion products are prefer-
entially removed, then faunal processing of soil N
could contribute to '°N enrichment with increasing
soil depth if the net N flux is down the soil profile.
In some systems, macroinvertebrates such as
termites, ants, earthworms (Lee and Foster 1991),
or fossorial mammals (Yoo et al. 2005) can move soil
among different soil horizons, and this could obvi-
ously diminish "N shifts among those horizons.
Microinvertebrates appear to have little effect on soil
transport processes, however (Lee and Foster 1991),
and N movement between soil horizons in terrestrial
ecosystems such as pine forests without large popu-
lations of earthworms is small (Bird and Torn 2006).
Because earthworms move higher volumes of soil
than other invertebrates (Gabet et al. 2003), and can
increase nitrogen leaching rates (Dominguez et al.
2004), they could affect patterns of soil N isotopes.
In one study in temperate mixed hardwoods, sites
with earthworms were about 1%. depleted in "N
throughout the soil profile relative to sites without
earthworms (Bohlen et al. 2004). Although fungi are
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not normally considered agents of bioturbation, they
are quite important in moving N into decomposing
litter from lower soil horizons (Frey et al. 2003;
Caner et al. 2004).

Abiotic and biotic disturbances of soil can dra-
matically affect patterns of soil '°N distributions. Fire
can eliminate surface litter layers and may also
increase reliance of plants on deeper soil horizons for
N (Hogberg 1997). Disturbances such as clearcutting
(Pardo et al. 2002) or grazing often increase N
availability by decreasing plant N demands and the
flux of labile carbon into the microbial community.
This may diminish the importance of mycorrhizal
fungi for plant N supply and increase nitrification and
denitrification rates, thereby ultimately increasing the
5"°N of plants and the litter layer.

Synthesizing the processes influencing soil 5'°N
into a conceptual model

In Fig. 7, we propose a conceptual model of how
various processes influence 6'°N patterns in soil
profiles. The model has three possible inputs of N to
soil profiles—leaf litter, root litter, and fungal
material. Several mechanisms can potentially move
nitrogen up or down a soil profile without directly
changing the '°N signature of the nitrogen that is
being moved, including leaching, bioturbation, and
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Fig. 7 Summary diagram of processes affecting soil 6'°N in
soil profiles, with depth on the x-axis and 6'°N on the y-axis.
Nitrogen inputs are shown as heavy dark bars, processes
moving N without fractionation are shown as vertical arrows

fungal immobilization. However, non-fractionating
processes such as leaching of '*N-depleted N can
alter N profiles if the '’N-depleted nitrate is
reassimilated at depth. In some systems, bioturbation
may diminish the '°N difference within soil profiles.

Horizontal lines in Fig. 7 represent isotopically
fractionating processes that can directly change the
SN signature of a soil profile. For example,
mycorrhizal discrimination and supply of '°N-
depleted N to host plants should increase "N
differences within soil profiles. This fractionation
and N supply should be less important in arbuscular
mycorrhizal systems than in ectomycorrhizal systems
and should be less important at high N availability
than at low N availability (Wallenda and Kottke
1998; Hobbie et al. 2000; Hobbie and Colpaert 2003).
Gaseous losses of '’N-depleted N could increase "N
differences within soil profiles. Production of N,O or
leaching and subsequent reassimilation of '°N-
depleted nitrate at depth are suggested as plausible
mechanisms for causing '’N enrichment at interme-
diate depths relative to greater depths, as was
reported for about 40% of arbuscular mycorrhizal-
dominated profiles. This conceptual model includes
the major processes likely to influence 6'°N patterns
in soil profiles and may provide a useful framework
for relating N dynamics to these d'°N patterns in
quantitative and dynamic models. Numerical

aboveground inputs

\‘ fungal
immobilization
bioturbation

root mycorrhizalinputs
inputs

Depth

denitrification

assimilation
of leachates

leaching

SN (%o)

and processes directly causing shifts in soil 5'°N are shown as
horizontal arrows. Two cases are shown: a N-limited system
dominated by mycorrhizal transfer and organic N cycling; b
system with less N limitation and more inorganic N cycling
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simulations using this conceptual model as a template
could of course be constructed as well.

Conclusion

In comparing §'°N data from temperate and tropical
soils, it appears that climatic factors (MAP and MAT)
and nitrification do not directly affect patterns of soil
0'>N with depth. Also, because processing by micr-
oinvertebrates such as soil mites cannot redistribute N
within soil profiles, this process accordingly cannot
directly affect patterns of 0'°N with depth in
terrestrial soils. However, macroinvertebrates (par-
ticularly earthworms) and fossorial mammals can
redistribute large quantities of soil and could directly
influence soil N and "°N distributions. Mycorrhizal
association (ectomycorrhizal versus arbuscular
mycorrhizal) correlated significantly with >N enrich-
ment, with sites dominated by ectomycorrhizal
vegetation displaying larger enrichments with depth.
Fungal >N enrichment cannot account for all §'°N
patterns, and other soil processes such as '°N
discrimination during decomposition, the differential
stabilization of different N compounds and redistri-
bution among soil horizons must also influence these
patterns. The numerous processes controlling N
movement and isotopic patterns in soil profiles
suggest that further insights are likely to come from
applying dynamic models that can incorporate multi-
ple competing processes.
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