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From Fertilizer to Food: Tracing Nitrogen
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Systems Using >N Natural Abundance
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ABSTRACT

Synthetic nitrogen (N) fertilizers differ markedly from organic N fer-
tilizer sources in relative isotopic composition at natural abundance
levels (§'°N). The objective of this paper is to provide an overview of
the applications of 8N techniques to study the dynamics of syn-
thetic fertilizers, animal excreta and composts in the soil-plant-atmo-
sphere continuum. However, isotopic fractionation processes often
complicate the interpretation of results. These fractionation processes
and the factors affecting the §'°N signatures of organic N fertilizers
are reviewed. Published data from short-, medium- and long-term
experiments with annual crop rotations and in pastures subject to
organic N inputs are also examined and analyzed with respect to
changes in delta nitrogen-15 (8'°N) signatures of the soil, the crop or
pasture, the soil biota and leachates. The use of §'°N to differentiate
organic and conventional plant products is briefly covered. There are
few data on the dynamics of N during the storage of animal excreta
or the composting of agricultural wastes as shown by 6'°N values in
the organic, inorganic or gaseous N phases. The major N loss process
is ammonia (NH3) volatilization. Reviewed data show significant
relationships between bulk 8'>N signatures of stored manure and
cumulative NH3 loss or bulk 8'°N of livestock manure composts and
N concentration. These significant relationships suggest that &'>N
may have wider applications in estimating the efficiency of N conser-
vation during storage or composting. In addition, the combined use
of bulk 8N and delta oxygen-18 (5'80) signatures of nitrous oxide
(N,0) evolved during storage and composting, together with the iso-
topomer-derived site preference of N,O, are emerging technologies
for identifying N,O production pathways. 8N in combination with
appropriate statistical analysis is a promising diagnostic tool for dif-
ferentiating organic and conventional plant products.

Key words: animal excreta, compost, crop rotations, delta 15N,
isotopic fractionation, pastures.
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INTRODUCTION

In conventional farming systems the use of both synthetic and
organic N fertilizers is permitted, whereas in organic systems only
organic N sources may be used as fertilizer. The principal organic N
fertilizer sources are animal excreta (manure and urine) and composts
which may be derived from both animal wastes and crop residues.
Organic fertilizer may also consist of human excreta or composts
made from household or municipal wastes, including sewage sludge,
but domestic- or municipally-derived organic fertilizers are not con-
sidered in this paper.

There are fundamental differences between synthetic and organic
N fertilizer sources with respect to their ability to supply N for crop
growth. Organic N sources must be biologically mineralized to inor-
ganic N before they become available for plant uptake, whereas
synthetic N fertilizers (@ammonium and nitrate salts) are highly soluble
in water and are readily available for plant uptake. Urea is the prin-
cipal synthetic N fertilizer used in agriculture, and it is also quickly
taken up by plants following its rapid enzymatic hydrolysis to ammo-
nium in soil. Therefore, organic N fertilizers are often referred to as
slow-release N sources, and are considered to be somewhat better
synchronized with crop demand for N. However, organic fertilizers
contain a mixture of both organic and mineral (NH4* and NOs3’)
forms of N.

Both organic and synthetic sources are subject to several N loss
processes which reduce their effectiveness to supply N for plant
growth. Animal excreta must be collected and stored in intensive
animal feeding operations before application to crops or pastures,
and gaseous N losses (NH3, N,O, N, and other oxides of N (NOy))
may occur during storage. Similar loss processes may occur during
the composting of agricultural wastes. Nitrogen losses may occur fol-
lowing N fertilizer application to soil either via gaseous N emissions or
nitrate leaching. Therefore it is important to estimate the N fertilizer
use efficiency, and where possible to quantify the N loss pathways
of synthetic and organic fertilizer sources during each phase of
the continuum.

The use of the >N stable isotope is a basic tool for studying
the dynamics of N in farming systems (Chalk, 1997). Both naturally-
occurring differences in the relative abundance of 5N in N sources,
or the use of N sources artificially-enriched in >N can be used to
trace the fate of fertilizer N. The literature on the application of
5N to study N dynamics in animal excreta or compost-amended
soils was reviewed by Dittert, Georges and Sattelmacher (1998) and
Chalk, Magalhédese and Inacio (2013), respectively. The emphasis of
these reviews was on quantifying post-application N use efficiency
and N transformations in soil, rather than on N transformations prior
to soil application i.e. during storage or composting. The objective
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TABLE 1. §'5N signatures of animal diets and excreta

8">N (%q) Reference
Animal Diet
Diet Faeces Urine
Jersey cow Pasture +0.6 +2.6 -1.6 Steele and Daniel (1978)
Angus steer Silage +0.6 +2.1to +2.5 -2.1t0-2.8
Alfalfa +0.4 +3.3 +0.1 Sponheimer et al. (2003)
Llama
Bermuda grass +5.8 +8.8 +3.7
Swine Not specified +1.7+1.0 +2.4+0.9 -0.1+1.1 Mariappan et al. (2009)
Dairy cow Silage' +1.8 to +8.4 +4.2 to +8.8 -0.9 to +4.1 Cheng et al. (2011)

' Nine individual silages were made from forage grasses (3 types), red clover, red clover mixed with corn or oats in different proportions

of the present paper is to provide an overview of the applications
of the "N natural abundance technique to trace N transforma-
tions that occur during pre- and post-application of animal excreta
and composts. The application of 6'°N to differentiate organic and
conventional foodstuffs is only briefly covered, as this topic was
comprehensively reviewed for plant products by Indcio, Chalk and
Magalhaese (2013).

Units of >N concentration

Stable isotopic values close to the natural abundance of the desig-
nated isotope are expressed by the notation (8) in units of parts per
thousand (per mil or %o) relative to the international standard for that
element (Chalk, 1995). Since N has only two stable isotopes ("N and
5N), then:

8N (%o0) = {{(">N / "N)sample / (>N / “N)stangarg] = 11} x 1000 (1)

where the international standard is atmospheric Ny (61°N = 0%o, by
definition).
The 6"°N value can be either negative or positive depending
whether it is depleted or enriched in "N relative to the standard.
Stable isotopic values of artificially-enriched samples are expressed
as absolute abundance in units of atom % '°N (Chalk, 1995).

Atom %1°N = (number of "N atoms / total number of 1°N +
14N atoms) x 100 = [">N / ("N + 1°N)] x 100 )

Thus as can be seen from Equation 2, it is incorrect to substitute
atom %'°N for the ">N/'N ratio in Equation 1, as is sometimes
seen in the earlier literature (e.g. Selles and Karamanos, 1986), and
although a close approximation will be obtained it will nevertheless
be an underestimate (Chalk, 1995).

Since the absolute "N abundance of atmospheric N is 0.3663 +
0.0004 atom % (Junk and Svec, 1958) then:

15N enrichment (atom % '°N excess) = atom % '°N - 0.3663  (3)

It is quite common in the literature to see atom %N incorrectly
designated as '°N enrichment. Atom % excess values are used to
trace the pathways of '°N-enriched fertilizers added to soil.

The relationship between the ">N/'*N ratio and atom %°N is
given by:

T5N/14N = atom % '°N/(100 — atom % '°N) (4)
For atmospheric Ny:

T5N/14N = 0.3663/(100 — 0.3663) = 0.00367647

8"°N signatures of synthetic and organic fertilizers

Synthetic N fertilizers (ammonium salts and urea) are derived from
ammonia (NHs3) produced by the Haber-Bosch process, which
involves the catalytic reduction of atmospheric N, at high tem-
perature and pressure by H, derived from methane or natural gas.
Therefore the §'°N signatures of synthetic fertilizers are expected
to be close to that of atmospheric Ny (0%. by definition). A review
of published data (Inacio, Chalk and Magalhaese, 2013) shows that
synthetic N fertilizers have slightly positive or negative 6'°N values
within the range of -3.9 to + 5.9%o.

Organic N fertilizers are generally naturally enriched in the stable
isotope '°N compared with synthetic N fertilizers. A review of pub-
lished data (Inacio, Chalk and Magalhaese, 2013) shows that total
N in manures and composts varies with 8'°N values in the range
of +2.0 to +16.7 and +4.9 to +45.2%o, respectively. Animal excreta
consist of both solid (dung) and liquid (urine) components, except
for poultry where there is no urinary component. Dung and urine
components often show marked differences not only in the relative
amounts and N concentrations, but also §'°N signatures.

Steele and Daniel (1978) reported that dairy and beef cattle urine
was depleted in '°N relative to the animal diet while manure was
enriched (Table 1). Sponheimer et al. (2003) reported similar data for
llamas, with faeces enriched in "N relative to both low- and high-
protein diets, whereas urine was depleted in 15N (=2.1%0) relative to
the low-protein diet, but was not significantly different from intake
8'°N on the high protein diet (Table 1). Mariappan et al. (2009) simi-
larly reported swine urine depleted in '°N relative to diet and faeces
(Table 1). More recently, Cheng et al. (2011) reported both positive
and negative &'°N values for the urine of dairy cows, while manure
was always positive (Table 1). Urine was invariably depleted in §'°N
relative to diet, while faeces were either similar to or enriched in
5'°N relative to diet (Cheng et al., 2011). A highly significant positive
linear relationship was found between the §'°N values of the feed
(range of +2 to +8.5%0) and faeces (range of +4 to +9%o) (Cheng et
al., 2011).

Organic fertilizers contain both organic and inorganic [ammo-
nium (NHg*) and nitrate (NO37)] forms of N. The inorganic N
concentrations are generally low compared with the total N of
the manure or compost, but 815N values can be quite variable (Table
2). The inorganic N fraction is often enriched in 5N compared with
the total N, indicating non-uniform labelling due to isotope fraction-
ation processes. The unusually high 8'°N values for inorganic N in
cattle feedlot manure (Kim et al., 2008; Table 2) may be indicative of
substantial N losses during storage.
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TABLE 2. Concentration and >N natural abundance of total and inorganic forms of N in organic N fertilizers

Material N fraction N concentration' (g/kg) 515N (%0) Reference

Total 4.4-10.72 +7.93 Choi et al. (2006)
Cattle manure NH4* 0.001-0.0672 +9.93

NO3~ 0.007-0.0092 +16.63

Total 9.5 +11.4 Kim et al. (2008)*
Cattle feedlot manure (sawdust bedding) NHg* 2.0 +39.8

NO3™ 0.22 ~+26

Total 23.1(1.2) +15.3 (0.2) Yun et al. (2011)
Swine manure compost NHg* 0.33 (0.014) +12.5(1.3)

NO3™ 0.12 (0.008) +22.6 (0.1)

' Data in parentheses are standard deviations of the mean

2 Range of values over 4 yr

3 Mean values over 4 yr

4 Data are time zero at the beginning of composting for 90 d

TABLE 3. Discrimination factors (€) for some N cycle processes

Process

Discrimination factor (%o)

Hégberg (1997)" Robinson (2001)

Ammonification (organic N > NHz*) ~0 0-5

Nitrification (NHz* > NO,™> NO3) 15-35 15-35

Ammonia volatilization (NHz* > NH31) 29 40-60

Denitrification (NO3™> NOy™ > N,OM - N 1Y) 0-33 28-33

N0 and NO production during NH4* oxidation 35-60

Biological N; fixation 0-2 0-6

Inorganic N assimilation by plants 0-20 0-19 (NO3")
9-18 (NHz*)

T Values given as a were converted to € by Equation 8

Isotopic fractionation processes affecting the 6'°N Processes

signatures of organic N fertilizers

Units

Isotopic fractionation can occur as a result of physical (e.g. diffu-
sion), chemical (equilibria or ion exchange) or biological (enzymatic)
processes. It can be expressed by the fractionation factor (o) where
a = 6p/ 6g in an equilibrium reaction, where A is a reactant and B is
a product. Isotopic fractionation can also be expressed as discrimina-
tion (A or €) in units of per mil (%o).

£(%0) = (85— 8p) [1 + (5, 1 000)] )

where 65 is substrate and &y, is product
An approximation of the above equation is

£(%2) = 8 — 5 (®)

The fractionation factor (a) is approximated by:

Fractionation factors for all physical, chemical and microbially-medi-
ated transformations of N in soil are significant, especially NH3 volatil-
ization, nitrification and dissimilatory NO3™ reduction (biological deni-
trification) (Hogberg, 1997; Robinson, 2001). These three processes
are the major N transformations affecting the natural '°N isotopic
composition of the principal organic N fertilizers, animal wastes and
composts. Nitrogen isotope discrimination () factors for the major N
cycle processes (Hogberg, 1997; Robinson, 2001) are given in Table 3.
Volatilization of NH3 involves several steps (i—iv) in which isotopic
fractionation can occur (Hogberg, 1997):
(i) Equilibrium effect (A <> B in solution)

INH3 + PNHg*" ¢ T5NH3 + "4NH,*

NH4* is more enriched with "N than NH3 at equilibrium. i.e. = a =
1.020 - 1.027
(i) Kinetic effects

a = (e/1000) + 1 (7) 1. Diffusion of NH3 in solution to the site of volatilization (o ~ 1 000)
2. Volatilization of NH3 (o = 1.029)

or 3. Diffusion of NH3 away from the site of volatilization (a ~ 1 000)

e=(a-1)x 1000 (8)

Thus for a fractionation factor (a) of 1.020, € of the product =
—20%o relative to the substrate (Hogberg, 1997).

The compound effect of these processes on the net fractionation
can be large (Hogberg, 1997) since a for equilibrium effect and for
volatilization of ammonia are greater than 1.02. Ammonia volatiliza-
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tion is quantitatively the most significant N loss process during stor-
age of animal excreta, the voiding of excreta on grazed pastures and
during the composting of agricultural wastes.

The first step in nitrification, the enzymatic oxidation of NHz* -
NO,~ was shown to have a large fractionation factor (1.015 to 1.036)
in pure cultures of Nitrosomonas (Hogberg, 1997). Thus a decrease
in NH4* concentration with a concomitant increase in its 6'°N signa-
ture and the production of NO3~ relatively depleted in "°N all point
to active nitrification (Wrage et al., 2004). According to Hogberg
(1997) the second step in nitrification (NO,™> NO37) is not normally
rate-limiting and should therefore not lead to further fractionation.
However, this is frequently not the case in urine patches and during
the composting of animal excreta where the oxidation of nitrite is
inhibited by the high pH resulting in the temporary accumulation of
nitrite (e.g. Clough et al., 1998; Sasaki et al., 2006).

Denitrification can be a significant fractionation process during
the storage of animal excreta and the composting of agricultural
wastes. The overall process or so-called “total denitrification” (NO3~
->NO;™ = N0 = No”M) has a fractionation factor of 1.028 - 1.033
(Robinson, 2001) although Hégberg (1997) gives a much wider range
(Table 3). Robinson (2001) also shows a large discrimination factor
for N,O and NO produced during nitrification, of the same order of
magnitude as for NHz volatilization (Table 3).

N,O production pathways have been investigated using the dual
isotope measurements of 8'°N and §'80 of the N,O emitted from
soil (e.g. Yamulki et al.,, 2000). Several studies have reported that
8"°N values of soil-emitted NyO can be as low as —56%. and as high
as +3%o, with 880 values varying between —21%. and +57%. (Yam-
ulki et al., 2001; Bol et al., 2003). The &'°N values of soil-emitted
N,O are thus lower than the corresponding tropospheric (+18.7%o)
and stratospheric (+21.3%o) values (Yamulki et al., 2001; Bol et al.,
2003). Nitrous oxide produced by nitrification or denitrification in
soils is depleted in '°N relative to its substrate (NHs* and NO3~,
respectively), but as noted above, the fractionation is larger for
nitrification-derived N,O. Therefore, a shift in N,O production from
nitrification to denitrification increases both 6'°N and 6'80 values
up to 20-50%0 and 10-25%o, respectively (Yamulki et al., 2001; Bol
et al., 2003). However, if urine is the main source of nitrification,
a shift in the 8N signature (but not in the 5§80 signature) would be
expected, because the oxygen in urea [CO (NH;);] would be hydro-
lyzed to CO, (Yamulki et al., 2001).

When N,O is further reduced to N, during total denitrification,
5"°N,0 becomes more enriched relative to the Ny product. Thus
simultaneous measurements of the §'°N signatures of emitted N,O
and N, permits the amount of N,O = N, to be calculated, and hence
improves estimates of the relative contribution of nitrification and
denitrification to total N>O emissions from soils (Bol et al., 2003).

The intramolecular distribution of N isotopes in N>O is an emerg-
ing tool for defining the relative importance of microbial sources
of this greenhouse gas (Sutka et al., 2006). Since N,O has two N
atoms within the asymmetric molecule (central and outer N), "N is
distributed across three principal isotopomers, "°N'>NO, ">N'NO,
1UNTSNO. A technique developed by Sutka et al. (2006) enables
the individual measurement of '>N'NO and "N'>NO. The differ-
ence in §'°N% and 6"°NB is the so-called site preference (SP = §'°N®
- 8"°NB, where §'°N® and 6"°N® represent the '>N/'N ratios at
the centre and outer N atoms, respectively). The difference in the site
preference for N,O from hydroxylamine oxidation (~33%.) and nitrite
reduction (~0%o) found in a pure culture study (Sutka et al.,, 2006)
can be used to differentiate the relative contributions of nitrification
and denitrification to N,O emissions. Yamulki et al. (2001) considered
that site preference can provide a more fundamental and sensitive

analysis of N,O sources and production processes compared with
the bulk "N analysis of N,O.

Factors affecting the 6'°N signatures of
organic N fertilizers

Storage of animal excreta

Many types of storage facilities for animal excreta exist on farms
worldwide. In the UK, the principal types of storage facilities for dairy,
cattle and swine excreta are middens (piles or heaps with a perme-
able or impermeable base), slurry tanks (below or above ground)
constructed of steel or concrete, and lagoons with pervious or imper-
vious linings (Nicholson and Brewer, 1997).

Hristov et al. (2009) and Lee et al. (2011) studied the cumulative
amounts and 8"°N signatures of NH3 emitted from dairy manure
during simulated storage under laboratory conditions. §'°N values of
NH;3 volatilized increased quadratically (r2 = 0.92; ***p < 0.001) from
—31%o (1 d) to —15%. (14 d) while the "N of total N remaining in
manure also increased quadratically (r2 = 0.96) from +5.6 to +7.2%o
(Hristov et al., 2009). A highly significant positive linear relationship
was observed between cumulative NH3 loss and the &'°N signature
of the stored manure (r2 = 0.76; ***p < 0.001) over the range of
81°N in manure of 4 to 8%. (Hristov et al., 2009).

Ammonia volatilization was most significant during the first
2-3 d of storage and 90 percent of emitted NH3 came from the urine
component of the faeces as a consequence of rapid urea hydrolysis
(Lee et al., 2011). A sigmoidal curve (2 = 0.96, ***p < 0.001) best
described the §'°N of volatilized NH3 during incubation for 30 d (Lee
et al., 2011). NH3 was highly depleted in §'°N at the beginning of
the manure storage process, and 8'°N values of manure reached
a plateau which coincided with the decline in NH3 volatilization.
Therefore, §"°N of volatilized NH5 is a promising tool for estimating
cumulative ammonia losses during storage of animal excreta, but
further testing is required with different excreta under different and
more realistic conditions of storage.

The earthen anaerobic lagoon is a common method of on-farm
storage of feedlot runoff and slurries from dairy and pig barns in
mid-western USA. Mariappan et al. (2009) studied the spatial and
temporal concentrations and §'°N signatures of total N and NH4*
within 13 anaerobic lagoons of variable volumes receiving dairy
(one), cattle (two) and swine (eleven) wastes. 615NH4+ varied from
+2.0 to +59.1%0, was spatially uniform within the top 1.5 m of
the lagoon, and was not statistically different from the total §'°N
value. Based on comparisons with feed and fresh manure and urine,
most >N isotopic fractionation occurred after excretion and was
affected by management and environmental factors (Mariappan et
al., 2009). 6" NH,* enrichment increased when NH3 volatilization
increased with increasing seasonal temperatures, and lagoons that
were frequently pumped out and refilled with fresh waste were not
characterized by the high >N values normally associated with ani-
mal wastes. Wastes must mature in lagoons in order to develop high
levels of §"°NH,* enrichment (> +10%0) (Mariappan et al., 2009).

Composting of agricultural wastes

The §'N signature of corn silage increased by +7.9%. during aer-
obic-thermophilic composting (Lynch, Voroney and Warman, 2006;
Table 4). Composting created a more homogeneous bulk §'°N signa-
ture compared with the feedstock, as seen by the lower sub-sample
standard deviation (Table 4). Kim et al. (2008) similarly observed an
increase in the "N signature of cattle manure composted with saw-
dust bedding of +4.2%o, and of +3.4%. for manure composted with
rice hull bedding (Table 4).
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TABLE 4. Natural >N abundance in agricultural wastes and
derived composts

Residue 8"N (%q) Reference

Corn silage +0.3£13  |ynch, Voroney and
Corn silage compost +8.2+0.4 Worman (2006)
Cattle manure +7.6 Kim et al. (2008)
Cattle manure + rice hull' compost ~ +11.0

Cattle manure +11.4

Cattle manure + sawdust? compost  +15.6

1 8">N of rice hull = +4.9 % 0.1%0
2 §8'°N of sawdust = +1.7 £ 0.2%o

According to Lynch et al. (2006), the observed compost §'°N
enrichment is attributable to a combination of fractionation mecha-
nisms, including microbial isotope discrimination during N turnover,
a shift to more complex N compounds, and fractionation during NH3
volatilization, with the relative contributions being unknown. Kim
et al. (2008) reasoned that NHsz volatilization would be the domi-
nant process in the early thermophilic stage of composting of cattle
manure due to the fast hydrolysis of the high concentrations of urea
in livestock excreta, followed by slow or insignificant increases in
81°N in the latter stages. This hypothesis remains to be tested.

Kim et al. (2008) observed an increase in the §'°N of NH,* from
+30.2 to +41.7%o0 in manure + rice hull compost, and from +39.8 to
+47.8%o in the manure + sawdust compost, while the §"°N of NO3~
fluctuated during composting within the approximate range of +25
to +45%0. Based on both the temporal changes in the concentrations
and isotopic signatures of NH4* + NOs™, Kim et al. (2008) concluded
that loss of NH4* in the early stages of composting through NH3
volatilization and nitrification, and loss of NO3™ in the latter stage
(after 60 d) through denitrification were the primary reasons for
the increase in §'°N in the composted manure.

There are presently no data available on the 6N values of NH3
emissions during composting. However, a weak negative linear rela-
tionship was observed between N concentrations and 8'°N values of
livestock manure composts (12 = 0.16; *p < 0.05) over the range of
10 to 35 g-N/kg and §'°N of +9 to +22%. (Lim et al., 2010). It would
be expected that treatments designed to conserve N during compost-
ing would exert a strong influence on the §'°N values of volatilized
NH5 and hence compost N concentrations and 6'°N values, but data
are not yet available.

In contrast to the lack of data for NH3 there are a few mea-
surements on the natural >N abundance of N,O formed during
composting. From 0.5 to 1.6 percent of total N was emitted as N,O
during the composting of livestock waste in turned and static piles,
respectively, with the §'°N signature of N,O increasing markedly
from —23.1 to —0.2%. (Yoh et al., 2003). The bulk 6N signature
of N,O produced during thermophilic composting of cow manure
with orchard grass increased from —20 to —15%0 between day 14
and day 45 (Maeda et al.,, 2010), but then suddenly decreased at
day 45 to reach —35%. at day 56. The isotopomer methodology was
applied to identify the sources of N,O emissions. It was found that
denitrification was the main source of N,O following the turning of
the compost pile, with a concomitant reduction in the concentrations
of NO,™ and NOs™. An increased value in site preference indicated
that nitrification, which occurred mainly in the surface of the pile,
partially contributed to N,O emissions between the turnings (Maeda
et al., 2010).

83N signatures of soils, crops, soil biota and
leachates under organic and conventional fertilizer
regimes

Soils and plants

Experiments of short- (42 to 157 d, medium- (4 to 12 yr) and
long-term (30 to 91 yr) duration have been carried out either in

the glasshouse or field to compare the temporal changes in the con-
centrations and §'°N signatures of total soil N and crop N uptake

TABLE 5. N concentration and natural >N abundance of N fertilizer sources and crop N in short-term pot and field experiments with

animal excreta, composts and synthetic N fertilizer

N fertilizer source Plant material Reference
Crop / scale/
duration 1 Total N N rate 15 Total N N uptake 15
TPE gk  (kgha) ON (R Part (g/kg) (glplant) O %0
C 0 1.83 +6.3 Choi et al. (2002)
Maize/ pot /
0d U 451 150 -2.3+0.2 Above ground 3.00 +6.0
7
SMC 20.6 150 +13.9+0.2 3.44 +6.7
0 243 +14.1 Yun and Ro (2009)
Chinese cabbage 0.52 311 +22.2
/pot/ SMC 25.3 R Outer leaf?
42 d 1.0 +16.2 40.9 +24.5
1.52 48.4 +24.4
C 0 19+1 +6.3+0.3 Szpak et al. (2012)
Maize / field / AS 211 1 700 -0.7 £ 0.1 160 +5.8 +0.2
Grain
157d cD 24+ 6 75 +13.9+ 0.6 16+0 +8.1+ 1.6
SG 82+9 200 +38.1 + 0.6 15+ 1 +21.2+£0.2

1 C — control; U — urea; SMC — swine manure compost; AS — ammonium sulphate; CD — camelid dung; SG — seabird guano

2 Unit is g/kg

3 Lsd (*p < 0.05) between N rates; Total plant N = 2.1 g/kg; 8§'°N plant material = 1.0%o
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under animal excreta, composts and synthetic N fertilizer regimes.
A range of annual crops in short-term (single season) experiments or
in medium- to long-term crop rotations has been used.

Short-term (single season) experiments

Choi et al. (2002) found large differences in the 5N signatures of
urea and swine manure compost treatments applied at the same N
rate in a pot experiment, which were reflected in the §'°N signatures
of the foliage of maize at day 30. However, these differences were
short-lived and converged to the initial §'>N value of total soil N of
+6.9 = 0.3%0 after 70 d, despite the increasing N uptake from con-
trol, to urea to compost treatments (Table 5).

Yun and Ro (2009) found a highly significant positive linear rela-
tionship between the N uptake of Chinese cabbage in a pot experi-
ment and the N application rate of swine manure compost, which
had a 6'°N value of total N of +16.2%o. There were small differences
in the N concentrations between outer (older) and inner (younger)
leaves, and the N concentration increased with N rate (Table 5). How-
ever, the §"°N values were significantly higher for outer compared
with inner leaves, which often exceeded the 6'°N value of the total
N of the applied compost (Table 5). This apparently anomalous result
was due to the non-uniform &'°N label between the organic and
inorganic components of the compost. The higher §'°N values of
the compost NH4* and NO3™ pools exerted a stronger influence than
the total compost N.

In contrast to the previous short-term pot experiments, the §'°N
signatures of maize grain in a field experiment mirrored the §'°N
signatures of the organic N inputs (Szpak et al., 2012). The grain
in the ammonium sulphate treatment had a lower >N value than
the control, while the grain in the dung and guano treatments had
much higher 5N signatures than the control (Table 5). The authors
claimed that the guano had the highest 8'°N value (+38.1 + 0.6%)
for an organic N fertilizer reported to date (2012), but Choi et al.
(2007) previously reported similar values of +40.1 £ 3.4%. and +45.2
+ 4.1%o for two compost samples.

Medium-term crop rotations

Choi et al. (2006) applied variable rates of swine manure slurry,
cattle manure and urea to a soil in each of four yr (Table 6). There
were no significant effects on surface soil total N or its '°N natural
abundance compared to the control. In contrast, Zhao, Maeda and
Ozaki, (2002) found the annual addition of swine manure compost
for six yr increased both total soil N and its natural "N abundance
compared with the control at site 1, while at site 2 annual addition of
cattle manure for 12 yr resulted in increasing soil total N and its 6"°N
signatures with increasing rates of manure (Table 6).

Long-term crop rotations

Total soil N did not differ between control and animal manure treat-
ments after 91 yr (Bol et al,, 2005), whereas it was significantly
higher in the manure treatment compared with the control after
42 yr (Gerzabek, Haberhauer and Kirchmann, 2001), and between
livestock manure compost and the control after 30 yr (Nishida et al.,
2007). In addition, total N either decreased (Gerzabek, Haberhauer
and Kirchmann, 2001) or remained unchanged over time in the con-
trol or synthetic N fertilizer treatments (Nishida et al., 2007), whereas
it increased in manure and compost treatments (Table 7). These dif-
ferences are most likely due to differences in climatic and edaphic
factors as well as the intrinsic differences in the characteristics and
rates of addition of the organic N sources.

The 6'°N signatures of total N in surface soil (Table 7) did not dif-
fer significantly between control and manure treatments (Gerzabek,
Haberhauer and Kirchmann, 2001) but they were higher in manure
(Bol et al., 2005), compost and ammonium sulphate treatments
(Nishida et al., 2007). The last crop of sugar beet (1985) also had
higher >N values in the tops of the manure (+6.5%.) compared with
the control (+2.0%o) treatment (Bol et al., 2005). Nishida et al. (2007)
found that the §'°N signatures of total N in surface soil decreased
in the control and ammonium sulphate treatments over time, but
increased in the compost treatment (Table 7). Therefore there were
no consistent trends in the relative long-term temporal changes in
total soil N and the corresponding 5"°N signatures (Table 7). How-

TABLE 6. N concentration and natural '°N abundance of annual fertilizer amendments and total N in surface soil in medium-term field
experiments (crop rotations) with animal excreta, composts and synthetic N fertilizer

Annual fertilizer amendment Soil
Type1 E?)]e {;/E;I)N a‘(;ﬁ:) 515K 1) ([Z(:‘np)th Tc?t.al N (g/kg.) 61-5T\l (%o) . Reference
Initial Final Initial Final

C 0 3.8 +6.62 Zhao, Maeda and Ozaki, (2002) Site 1
SMC ¢ 56.0 800 +14.3 5.5 +9.62

163 0-20 4.3 +9.42 Zhao, Maeda and Ozaki, (2002) Site 2
™M 12 25.3 325 +19.1 4.9 +10.32

650 5.8 +10.42
C 0 1.7 1.6 +4.1 +4.1 Choi et al. (2006)
SMS 2.6-4.63 58-172% +4.7-+5.6 1.6 1.6 +4.1 +4.4
™M 4 4.4-10.7 82-397 +6.8 -+ 8.5 0-30 2.0 2.2 +3.9 +4.3
V] 466 39-90 -06-+1.9 1.7 1.6 +3.9 +4.0

T € — control; SMC — swine manure compost; CM — cattle manure; SMS — swine manure slurry; U — urea

2 All values are means of 2 or 3 replicates with a standard error within + 0.3%o

3 Unit is g/L

4 Yr 1-3 (no slurry was applied in year 4)
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TABLE 7. N concentration and natural >N abundance of annual fertilizer amendments and total N in surface soil in long-term field
experiments (crop rotations) with animal excreta, composts and synthetic N fertilizer

Annual fertilizer amendment Soil”
Type] (T;:;]e Total N ,(\:( ,%e 515N () TcTt.aI N (g/kg-) 51-5~ (%o) - Reference
(9/kg) g/ha) Initial Final Initial  Final
C 0 1.7 1.3+ 0.05 +8.52 Gerzabek et al. (2001)
AM 2 17.6 3.0 217 +7.65+ 1.4 2220.1 +8.72
C 0 1.2 +0.05 +4.73+0.2 Bol et al. (2005)
AM o 42-98 1.3 +0.04 +5.83+0.2
C 0 0.9 1.0 26  +2.1 Nishida et al. (2007)
AS 30 212 60-192 -0.9--1.44 1.6 1.6 32  +14
LMC ?6901116_69 81-127° Ti'f7%41¢'00.7 1.0 26 +37  46.9

1 C — control; AM — animal manure; AS — ammonium sulphate; LMC — livestock manure compost

2 Values are not significantly different (*p < 0.05)

3 The archived 1985 crop of sugarbeet (the experiment was started in 1894) had 5'5N values of +2.0 and +6.5%o in the tops in control and manure treatments,

respectively
4 Values for 2002 and 2003 samples

5 Calculated assuming the tabulated moisture content (0.703-0.811 g/g) was on a dry weight basis

6 six samples from individual yr in the 1980s-1990s
7 Soil depth was 0-20 cm except for Nishida et al. (2007) where it was 0-15 cm

ever, Koerner et al. (1999) found that soil §'°N signatures could be
used to identify past agricultural land use where fields had reverted to
forests during the past 70-100 yr. Previous garden soils with a history
of manure inputs had significantly higher 8N signatures on average
(+3.8%o0) than ancient forests (0.0%o) or previous pastures (+1.4%o).

Soil biota

Dijkstra et al. (2006a) found that on average the soil microbial bio-
mass had a consistently higher 8N value (+9.7%) compared with
the total soil N (+6.6%.) across a broad range of soil types, vegeta-
tion and climates. Dijkstra et al. (2006b) similarly found consistently
higher &N values of microbial N compared with total soil "N
across a cattle manure gradient extending 100 m from a reservoir in
a semi-arid, high-desert grassland, and whereas the total N increased
closer to the reservoir the §'°N value of the total N remained rela-
tively constant (~+10%o), while the microbial 81N increased closer to
the reservoir from ~+14 to ~+18%o.

Schmidt and Ostle (1999) similarly found that soil invertebrates
(earthworms) had higher 815N signatures compared with total soil
N in an experiment where cattle slurry (6"°N = +13.2 to +17.0%)
and NH4NO3 (8"°N = —2.0 to +0.5%0) were individually applied to
plots for three consecutive yr. Soil total N (0-10 ¢cm) in organic- and
synthetic-fertilized plots had 8'°N signatures of +5.9 + 0.6%. and
+3.9 + 0.1%o, respectively, while earthworms had §'°N signatures of
+6.5 £ 0.2%0 and +5.2 £ 0.3%o, respectively.

Leachates

Choi, Lee and Ro (2003) highlighted the difficulties of identifying
sources of NO3~ contamination of groundwater using 6'°N signa-
tures, since the 8'°N value is not only a function of source but also
of fractionation during formation or consumption. For example,
denitrification enriches '°N in nitrate, and if this process is significant
it could mask predicted differences between sources such as synthetic
fertilizers which are relatively more depleted in >N compared with
animal excreta and composts. In a survey of wells monitored over
a 3-y period within defined agricultural management systems, Choi
et al. (2007) were able to correlate the nitrate concentrations and

8"°N signatures of well water with applications of compost, compost
+ urea fertilizer or no soil amendment.

8'°N signatures have proven to be a valuable tool in identifying
leakages of animal wastes stored and treated in anaerobic lagoons as
well as from land application of the lagoon effluent by spray irrigation
onto adjacent fields (Karr et al., 2001 and Karr, Showers and Jen-
nings, 2003; Israel et al., 2005). Nitrate generated from commercial
application of swine waste within a catchment was discharged to
surface waters by ground water passing beneath the sprayfields and
adjacent riparian buffers (Karr et al., 2001). Median values of 55N of
+15.4 + 0.2%0 were measured in situ in the liquid total N of the waste
lagoons, and in nitrate in shallow ground water beneath and adja-
cent to sprayfields, a stream draining sprayfields and waters up to
1.5 km downstream. Israel et al. (2005) pointed out that the study of
Karr et al. (2001) was carried out on a site that had received lagoon
effluent for 20 yr prior to the more stringent regulations on land
application of animal waste imposed in 1993, and concluded that
the riparian buffer was overwhelmed either due to the nitrate con-
centration in the ground water moving to the stream or to its rapid
flux and shallow flow path.

Karr, Showers and Jennings (2003) further demonstrated the sen-
sitivity of 5'°N monitoring where low-level export of nitrate from
confined dairy farming could be detected even when stream nitrate
concentrations were low and derived predominantly from natural
soil sources.

8'°N signatures in the soil-plant-atmosphere
continuum in pastures subject to organic N inputs

Long-term (32-36 yr) measurements were made of 8N in soils
and plants inside and outside enclosures in an area subject to native
ungulate grazing (Frank and Evans, 1997). Across six topographically
diverse sites, 8'°N of soil (0-20 cm) outside enclosures was 0.7%o
higher on average than inside enclosures, while plant N was 0.7%o
less on average under grazing. Soil §'°N of urine and dung patches
were significantly higher than control areas. Frank and Evans (1997)
concluded that grazing probably led to an increase in soil 6'°N by
promoting N losses (NH3 volatilization, etc). In a later study, Frank,



346

P.M. CHALK et al.

Evans and Tracy (2004) measured 8'°N in soil, plants and NH5 volatil-
ized from simulated ungulate urine patches. 8'>N of acid-trapped
NH3 increased from —28%o (day 1) to 0.3 %o (day 10) from urine that
originally had a "N value of +1.2%.. The isotope data showed that
shoots absorbed ">N-depleted NH3 volatilized from the soil, which
confirms the results obtained by Denmead et al. (1976) using chemi-
cal and micro-meteorological techniques.

The natural '>N abundance of plants and soils in medium- to
long-term experimental plots (8-50 yr) maintained under differ-
ent management practices were measured in a montane grassland
(Watzka, Buchgraber and Wanek, 2006). Plots differed in the types
of N inputs (mineral fertilizer, cattle slurry, stable manure) and rates
of application (0-200 kg:N-ha'-y""). §">N of topsoil and plants
increased with N fertilizer rate, and the &'°N signatures reflected
the higher values for the organic compared with the mineral inputs.
N balances were calculated from N inputs (fertilizer, atmospheric
deposition, biological N, fixation) and outputs in harvested material.
Strong positive correlations were found between §'°N of topsoil and
N balance (range —60 to +120 kg:N-ha""-y""). The authors concluded
that the different 8N signals in topsoil were due to isotopic frac-
tionation arising from increased N losses (mineral fertilizer induced)
and to both increased N losses and preservation of the 8N input
signal (organic fertilizers).

In another long-term experiment (20 yr), Krizan et al. (2009)
measured changes in the concentration and §'°N values of total
soil N in a lysimeter experiment where cattle slurry (§"N = +8.9 +
0.5%o) and calcium ammonium nitrate (5'>N = =1.0 + 0.2%0) were
applied at 0 and 480 kg-N-ha™'-y"'" to temperate grassland. Total N
remained unchanged during the experiment and leaching losses were
small. The 8'°N of topsoil increased on average from +1.8 + 0.4%o
to +6.0 + 0.4%0 and that of the plants from —1.2 £ 1.3%0 to +4.8
+ 1.2%0 with increasing N fertilizer rate, with samples from slurry
plots being relatively more enriched in '°N. The results suggested
that part of the fertilizer §'°N signal was preserved in the soil, but
that isotope fractionation of up to 1.5%o added to the 6N values in
soils and plants, indicative of long-term inefficient N usage and past
N management.

Yamulki et al. (2000) found that cattle excreta patches were an
important source of atmospheric N,O, with emissions significantly
greater from urine than from dung. Flux patterns showed a marked
diurnal variation with maxima in early morning or late afternoon,
which were not in phase with soil temperature changes. §'°N and
5180 of the N,O emitted from soil indicated that denitrification was
the major loss pathway, and after a heavy rainfall the larger §'°N
and &'80 values suggested a consumption of NyO by reduction to
Ns. In contrast, Tilsner et al. (2003) found no unequivocal evidence
of the source of N,O emitted in an extensively managed grassland
involving an unfertilized control, a synthetic fertilizer treatment and
a slurry treatment based on the "N and '80 natural abundance
data for emitted N,O. They concluded that the §'°N values of emit-
ted N,O were not only influenced by source processes but also by
the microbial reduction of N>O to N, and that a minimum a flux of
3.4 mmol N,O m2-h"" was required to obtain accurate isotope data.

Yamulki et al. (2001) showed that the temporal intra-molecular
distribution of 6N and 880 in N,O emitted from urine patches,
together with the site preference values for N,O using the isotopomer
methodology, were indicative of a process shift during the measure-
ment period. Using the same methodology, Késter et al. (2011) found
a rapid shift from denitrification-derived N,O to N,O production via
nitrification after three weeks following the exhaustion of labile C
compounds originating from the addition of biogas fermentation
residue to a grassland soil. On the other hand, Cardenas et al. (2007)

TABLE 8. Range of §"°N values of plant products according to
production system (Inacio et al., 2013)

Production system 515N (%)
Conventional’ -2.5t0 +8.7

Organic? +0.3 to +14.6

TSynthetic and organic N fertilizers permitted
2Synthetic N fertilizers excluded

found that the isotopomer signatures for N,O in control and sheep
slurry treatments (lucerne diet) indicated that denitrification was
the main process responsible for N;O emissions from a grassland soil.
Based on the majority of the above-mentioned results, it appears that
bulk §'°N, §'80 and isotopomer signatures are promising tools for
separating pathways of N,O production in grassland soils.

Differentiating conventional and organic plant
products using §'°N

Because organic and synthetic fertilizer sources often differ markedly
in 8N composition, it would appear to be a promising marker to
distinguish organically- and conventionally-fertilized plant products.
The greater the difference between organic and synthetic fertilizer
the more robust will be the differentiation. However, different crops
show greater or smaller differences between §'°N values of organic
and conventional products, and a certain degree of overlap can occur
(Table 8). For example, organic tomatoes showed greater differences
in 8°N values compared with conventional production (+8.1 + 3.2%o
vs. —0.1 = 2.1%o, respectively), whereas differences between lettuce
were smaller (+7.6 + 4.1%o vs. +2.9 + 4.3%o, respectively), although
still statistically significant (Bateman, Keely and Woolfe, 2007). How-
ever, 8"°N values of organic and conventional carrots (+5.7 £ 3.5%o
vs. +4.1 £ 2.6%0) were not significantly different. Perennial crops tend
to show smaller but significant differences in §'>N between mode of
production, such as orange fruit (+7.3 to +7.9%. for organic vs. +5.1
to 4+6.1%o for conventional) (Camin et al., 2011).

Nevertheless, many production or external factors may confound
product designation. e.g. (i) legume products or the use of legume
cover crops on organic farms, (ii) crop species with a low N require-
ment, (iii) annual vs. perennial growth habit, (iv) use of organic ferti-
lizers by conventional farmers, and (v) marketing of organic products
as conventional products (Inacio et al., 2013).

For animal products, 6'3C might be the most promising marker
for mode of production in temperate regions because of its relation-
ship to diet, i.e. differences between C4 maize grain used in intensive
animal feeding operations and C3 pasture grasses and legumes avail-
able under free-range conditions. However, §'3C seems unlikely to
be useful in tropical regions for grazing animals due to abundant C4
pasture grasses, e.qg. Brachiaria spp. (Inacio et al., 2013).

CONCLUSIONS

The "N natural abundance of animal excreta and composts is a use-
ful tool for following the fate of organic N sources in the soil-plant-
atmosphere continuum. The alternative approach of using organic
fertilizers artificially-enriched in "N is time-consuming, expensive
and inefficient, with the attendant risks of non-uniform labelling and
perturbation of the system under study. However, fewer studies have
been conducted at the level of natural >N abundance compared
with artificially-enriched materials, and & values have generally been
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used as qualitative rather than quantitative measures of N processes
at the system level.

Nevertheless, recent results showing significant positive and neg-
ative linear relationships during storage of animal excreta, between
the bulk §"°N signature and cumulative NH3 loss and between bulk
8"°N of composts and N concentration, respectively, suggest that
8"°N may have wider applications in estimating the efficiency of N
conservation during storage or composting. The combined use of
bulk 6'°N and §'80 signatures of N,O evolved during storage and
composting, together with the isotopomer-derived site preference of
N>O, are powerful tools for identifying the processes of N,O forma-
tion in order to enable formulation of mitigation strategies.

Finally, it has been demonstrated that 8'°N signatures could play
a role in differentiating organic and conventional plant products
provided each of the two populations for each product has been
adequately described by a frequency distribution that enables a sta-
tistical analysis of a sample. The potential use of stable isotopes in
differentiating conventional and organic animal products remains to
be addressed. In addition, a review and analysis of the post-1998
literature on animal excreta artificially enriched in "N needs to be
undertaken to complement and extend the results obtained with "N
natural abundance reported here.
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Spatial and Temporal Variation in the Isotopic
Signature of Transpired Water from a Conifer

Forest Canopy

D.G. Williams"%3™ and B.E. Ewers%3

ABSTRACT

Most conifer tree species have intrinsically low rates of leaf gas
exchange and relatively high leaf water volumes. These traits
establish low leaf-water turnover rates, which greatly extend the
time required to achieve transpiration at isotopic steady state as
environmental conditions change over diurnal periods. Canopy level
variation in leaf physiology and microclimate contributes further
uncertainty to the estimation of the isotopic composition of transpi-
ration fluxes in forests dominated by conifers. Oxygen stable isotope
ratios of water in needles of different age cohorts and from different
canopy positions in subalpine fir (Abies lasiocarpa) were measured
over a diurnal period during the growing season of 2008 in the
Snowy Range of southeastern Wyoming, USA. Concurrent measure-
ments of leaf gas exchange, canopy surface temperature, and the
delta oxygen-18 (5'80) and mixing ratio of water vapour within the
canopy air allowed modelling of leaf water isotopic enrichment at
sites of evaporation and the isotope ratio values of transpiration from
different canopy positions. Leaf water achieved isotopic steady state
with plant source water over only a brief period of the day in late
afternoon, and 6180 values of water from leaves lower in the canopy
and from younger leaf cohorts were closer to those predicted from a
steady-state model than those of older leaf cohorts and from higher
in the canopy. The 8'80 value of transpired water differed by up to
10%o from that of source water at midday in some parts of the can-
opy. Modelling the isotope composition of transpiration from conifer
forest should take into account variation in leaf water turnover rates
associated with differences in physiology and microclimate of needles
of different age and from different canopy positions.

Key words: gas exchange, oxygen stable isotope ratios, transpira-
tion, conifer forest.

INTRODUCTION

Estimates of direct soil evaporation and plant transpiration are
required to understand productivity responses of vegetation to inputs
of irrigation or precipitation. Direct soil evaporation is a ‘nonproduc-
tive’ water loss, and management strategies focus on minimizing
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this loss in favour of ‘productive’ water usage through transpiration.
Measurements of the stable isotope ratios of hydrogen (52H) and
oxygen (6'80) in water are useful for tracing sources of evapotranspi-
ration (ET) and partitioning transpiration (T) from direct soil evapora-
tion (E) fluxes. Because E and T often have unique isotopic signatures,
measurements of the isotope ratio composition in the atmospheric
water vapour within the canopy boundary layer or in the residual soil
water over time provide information on the sources of and processes
controlling water exchange in the soil-plant-atmosphere system
(Yakir and Sternberg, 2000; Williams et al., 2004).

Several approaches employing isotope measurements have been
developed to estimate fractions of evaporation and transpiration in
ET and their flux rates. Each approach has advantages and disad-
vantages related to the type of information provided (E/T fractions
versus E and T fluxes), instrumentation costs, level of technical train-
ing required, the spatial and temporal scales of inference, and the
number of assumptions and parameters requiring validation and
estimation. These approaches are broadly defined as: (i) steady-state
mixing approaches, including the ‘Keeling plot" method (Williams et
al., 2004), (i) soil water isotope mass balance (Hsieh et al., 1998), (iii)
the isotope flux gradient approach (Wang and Yakir, 2000), and (iv)
isotope mass balance calculations for canopy air (Lai et al., 2006). The
Keeling plot approach only provides information on the fractions of
E and T in total ET, whereas the flux gradient and air mass balance
approaches offer estimates of the flux rates of each of these com-
ponents. Each approach involves varying levels of sophistication with
respect to measurement and process-level understanding of isotopic
fractionations that occur at the soil and leaf scale as water is released
to the atmosphere and mixes with background air. Any of these
approaches can be used in soil-plant-atmosphere transfer models to
simulate and predict isotopic exchanges under varying conditions.

Using isotope measurements of atmospheric vapour to partition
component fluxes requires accurate estimates of the isotope compo-
sition of plant-transpired water (8T). Spatial, temporal and species-
level heterogeneity in 8T makes this task challenging, and valida-
tion of leaf-level isotope fractionation models (Barbour, 2007) are
required. But discerning how rigorous one needs to be in accounting
for fractionation processes and variation within canopies is depend-
ent on the context of the study. Variation in leaf temperature, humid-
ity and leaf-water turnover rates contribute to the complexity of &T
within individual plant canopies. For example, it is often assumed
in studies of leaf water isotopic enrichment that leaf temperature is
closely coupled to air temperature. Yet this assumption may be inva-
lid, especially where radiation loads and boundary layer resistances
are high (Helliker and Richter, 2008).
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This study addresses how heterogeneity of gas exchange prop-
erties and microclimate of different leaves within a single complex
canopy influence the isotopic signature of transpired water. Low rates
of leaf gas exchange in some conifer species cause low leaf-water
turnover rates, which greatly extend the time required to achieve
transpiration at isotopic steady-state as environmental conditions
change over diurnal periods (Pendall, Williams and Leavitt, 2005; Lai
et al., 2006). Differences in stomatal conductance, transpiration and
microclimate within the vertical profile of a conifer tree in a high-
elevation environment with high radiation loads were investigated to
understand the basis for variation in leaf water 80 enrichment and
its deviation from plant source water.

MATERIALS AND METHODS

The study was conducted at the Glacier Lakes Ecosystem Experiments
Site (GLEES) (41° 22.0" N, 106° 14.4" W, 3190 m a.s.l.) in subalpine
mixed conifer forest in southeastern Wyoming, United States (Mus-
selman, 1994). The oxygen stable isotope ratio (5'80) of water was
measured in leaves of different ages and from different vertical can-
opy positions in a subalpine fir (Abies lasiocarpa) tree over a diurnal
period during the growing season of 2008. Needles were collected
every 3—-4 h over a 24 h period to investigate the rapid changes in
leaf-water isotopic enrichment. Concurrent measurements of leaf
gas exchange, humidity and temperature allowed estimation of the
isotope ratio of transpiration from the different canopy positions and
investigation of the deviation of leaf water §'80 values from isotopic
steady state.

Leaf sampling, gas exchange and canopy
temperature measurements

Needles were collected from an A. lasiocarpa tree growing adjacent
to a tall (30 m) scaffold. The scaffold, used to support instrumenta-
tion for the GLEES Ameriflux measurements, allowed easy access
to the canopy without major disturbance to the tree. Needles were
sampled from 9.5, 13.7 and 17 m above ground surface on the
approximately 20 m tall tree every 3—4 h (seven times in total) over 24
h beginning at 08:00 h on day-of-year 213 (July 31), 2008. Needles
were collected separately from the current year’s growth and from
1- and 3-year-old needle cohorts at each canopy position and time
period. Approximately 30-40 needles were removed from twigs for
each sample and sealed in screw-cap glass vials. Stems were collected
during the mid-day period for plant source water isotope analysis.
Small twigs were collected from each canopy position, separated
from attached needles and placed also in screw-cap glass vials. Vials
were covered with parafilm and stored in a freezer at —2°C until
water extraction (described below).

Stomatal conductance and transpiration of needles in each
cohort and canopy position were measured during the same seven
time periods used for needle collection. Gas exchange measurements
were made using a LiCor 6400 with a standard leaf cuvette and with
all environmental conditions (cuvette temperature, light level, humid-
ity) set to match ambient conditions. A hand-held infrared thermom-
eter was used to monitor needle temperature at each canopy height.

Canopy air water vapour sampling

Atmospheric water vapour was collected at each of the three canopy
positions used for gas exchange measurements and needle collection,
employing an automated sample profiler that routed air from each
height through low-absorption Bev-a-Line IV tubing to Pyrex glass
traps (Helliker et al., 2002) held at —80°C in an ethanol bath. The

air stream from each position in the canopy was diverted frequently
through an infrared gas analyzer (LI 840, LiCor, Inc.) for measurement
of air water-vapour mixing ratio. The sampling system is thoroughly
described by Yepez et al. (2003) and Williams et al. (2004). For the
current study, water vapour was trapped in air at a flow rate of 300
mL/min for 30 min during each of the seven sampling periods at each
of the three heights in the canopy.

Water extraction and stable isotope analysis

Water from needle and stem samples was retrieved using cryogenic
vacuum distillation (Ehleringer and Osmond, 1989). Complete quan-
titative extraction was verified from weight measurements performed
before and after cryogenic extraction and then again after oven dry-
ing. Extraction efficiency was better than 95 percent for all samples.
The 880 values of stem, needle and atmospheric water samples
were determined by the CO; equilibration technique using a Gas
Bench Il coupled to a Thermo Delta Plus XP Isotope Ratio Mass Spec-
trometer (Thermo Scientific Corporation, Bremen, Germany) at the
University of Wyoming Stable Isotope Facility. Measured §'80 values
were linearly corrected to the V-SMOW international scale using two
calibrated laboratory standards that were analysed with each batch
of unknowns along with a QA/QC standard. Precision of repeated
analysis of the laboratory QA/QC standard was better than 0.2%o.

Steady state leaf water isotope model

Measured 56'80 values of water extracted from needles were com-
pared with values predicted by a Craig and Gordon steady-state
model adapted for leaves (Farquhar and Lloyd, 1993):

5180, = 8180 + £* + g + (8180,~6"80—e)e, 6 (1)

where 6'80; = the oxygen isotope ratio of plant source water;
5180, = the oxygen isotope ratio of atmospheric water vapour; *
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FIGURE 1. Difference between foliage (needle) temperature and
surrounding air temperature in the canopy of A. lasiocarpa
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= the temperature-dependent equilibrium fractionation factor (Bot-
tinga and Craig, 1969); € = the kinetic fractionation factor during
diffusion through the stomata and boundary layer; and e,:e; is the
ratio of ambient to intercellular vapour pressure.

The g value is dependent on the proportion of diffusion resist-
ance through the stomatal pores (rs) and boundary layer (r,) (Farqu-
har, Barbour & Henry, 1998; Cappa et al., 2003) and is calculated by:

ek = (32rs + 21rp)rs + ) 2)

The 6'80 value of water in leaves predicted by Equation 1 is that for
sites of evaporation, and not for the bulk leaf water. To estimate the
5'80 value of bulk leaf water at isotopic steady state (5'80}), a model
was employed that accounts for the back diffusion and mixing of 180
enriched water at sites of evaporation with un-enriched source water
from leaf veins:

5180 = 8180, + (5'80, - 8'80.)(1-eF)/P 3)
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FIGURE 2. Stomatal conductance and transpiration at different
canopy heights of A. lasiocarpa surrounding air temperature in
the canopy of A. lasiocarpa.
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where P is the Péclet number. P is calculated as EL/CD,
where: E = transpiration rate (mol-m2-s); L = the effective
path length (taken as 0.008 m); C = the molar density of water
(55.5 x 103 mol/m3); and D = the diffusivity of H,'®0 in water
(2.66 x 10 m%/s) (Farquhar and Lloyd, 1993).

RESULTS AND DISCUSSION

Needle temperature differed substantially from air temperature dur-
ing daytime and night time periods (Figure 1). The largest difference
was observed for needles in the upper canopy exposed to high radia-
tion, where needle temperature was as much as 6.5°C higher than
air temperature in mid-afternoon. Radiative cooling of the canopy
during nighttime caused needle temperatures to drop below air tem-
perature by as much as 4.5°C. Despite the high wind speeds com-
mon at this forest site, the simple assumption of close coupling of
leaf and air temperature would lead to substantial error in modelling
leaf water '80 enrichment. For example, a 6.5°C difference in needle
temperature from 15 to 21.5°C would produce a 0.6%o difference in
e* (Equation 1). The assumption also would introduce error in the cal-
culation of ey/ej; at 15°C air temperature and 50 percent air humidity,
ey/ej would be 0.35 assuming equal leaf and air temperature and 0.5
with a 6.5°C higher value of leaf temperature.

The hot, dry conditions in the afternoon period reduced stomatal
conductance and transpiration, especially in upper parts of the tree
canopy (Figure 2). Low hydraulic conductivity in the xylem of stems
caused by bark beetle transmission of a fungal pathogen may have
substantially limited the rates of transpiration from the upper canopy
in this plant. Leaf longevity is also quite high (ca. 6-10 years) in
this species and stomatal conductance and transpiration rates tend
to decline as leaves age in conifers. Indeed, stomatal conductance
was higher in the youngest needle cohort compared to the 1- and
3-year-old cohorts (data not shown) in the current study. Values of
stomatal conductance and transpiration were used to estimate leaf
water 80 enrichment using Equations 1-3 for comparison against
measured values. Differences in leaf gas exchange properties among

the three different aged needle cohorts and at the different canopy
heights were sufficient to cause substantial variations in leaf water
180 enrichment within the A. fasiocarpa canopy that translated into
variations in the §'80 values of leaf-transpired water vapour.

Overall, the generally low rates of leaf-level T (and consequen-
tially low leaf water turnover rates) in the A. lasiocarpa in this study
did not allow 6'80 values of needle water to achieve steady state
with environmental conditions (Figure 3). However, leaves lower in
the canopy compared with those higher in the canopy were closer in
their 6180 values as predicted by the Craig and Gordon steady-state
model.

Bulk leaf water 6'80 values were used to calculate leaf transpira-
tion 6'80 values. These values, reported by canopy height and by
leaf age cohort, were different than tree source water 5180 values
over much of the diurnal period (Figure 4), indicating the importance
of considering isotopic non-steady state T in ET partitioning studies.

The dynamics of leaf water '80 enrichment and the §'80 value
of transpired water in needles of subalpine fir (A. lasiocarpa) are
poorly represented by a simple isotopic steady state model, and
deviations are systematically related to canopy position and leaf age.
It is concluded that modelling the isotope composition of forest T
and leaf water to increase predictive understanding of ET should take
into account the variation in leaf water turnover rates associated with
variation in physiological properties of needles of different ages and
canopy position that affect isotopic non-steady state T values. To pre-
dict short-term changes in the isotope composition of water vapour
in forest canopy air (e.g. Lai et al., 2006), models should account also
for the potential differences between leaf and air temperature that
drive equilibrium and kinetic fractionations.
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Isotope Mass Balance Method to Partition
Evaporation from Soil Total Water Loss in Winter
Wheat and Spring Maize Cropping Systems in
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ABSTRACT

Evaporation (E) is one of main paths of soil water loss in most dryland
farming systems. Since it is considered to be of no benefit to crop
production, E should be minimized as much as possible. However,
the partitioning of E from total water loss (TWL) via transpiration (T)
and seepage (S), under field condition is not an easy task. The iso-
tope mass balance (IMB) method is one of the few ways to do so.
This study was designed to separate E from TWL in winter wheat
and spring maize cropping systems in the North China Plain using
the IMB method. In field experiments conducted over two years,
plot surfaces were covered with plastic film, with straw mulch, left
bare or left as normally in the field, and stable isotope values and
amounts of soil water, rainfall, and irrigation water were measured
periodically. Results showed that the proportion of E to TWL was 18
percent and 31 percent in winter wheat and spring maize, respec-
tively in the conventional plot, 21 and 12 percent, respectively in
plastic film-covered (hereafter referred to as filming) plot, and 47 and
38 percent, respectively in the bare plot. In conclusion, it was found
that the IMB method is a simple way to partition average E from
TWL over a growing season, and the method is sensitive enough to
separate E between straw mulching, filming, conventional practice,
and bare soil. The most sensitive factor in using IMB is the determina-
tion of the depth of E front within the soil. In the current experiment,
isotope measurements of soil water at depths of 0-5 cm were critical
to the success of IMB.

Key words: evaporation, soil total water loss, spring maize, win-
ter wheat, isotope mass balance, mulching.

INTRODUCTION

Evaporation (E) is one of main paths of water loss in the winter wheat
and spring maize cropping system in the North China Plain (NCP),
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and irrigation is managed to minimize E and seepage (S) to the deep
soil layers. Assuming E represents water loss with nearly no benefit
to crop production, many agronomic practices such as straw mulch-
ing and plastic filming have been used to minimize this component
as much as possible. However, it is generally difficult to separate E
from total water loss (TWL) under field condition. Isotope techniques
may be the most reliable methods to do so. Since the pioneering
work of Hsieh et al. (1998) to separate E and transpiration (T) using
the isotope mass balance (IMB) method in natural systems and simi-
lar studies in a natural grassland system (Ferrette et al., 2003) and
in a manipulated closed system (Rothfuss et al., 2010), there have
been no reports of using the IMB method in an arable field system
to separate E from TWL.

The objectives of this research were therefore to test the suit-
ability of IMB for partitioning E from TWL in irrigated winter wheat
and spring maize cropping systems in NCP, and to explore the effects
of soil temperature, root water absorbing depth and depth of E on
the results obtained.

MATERIALS AND METHODS

Field experiment

Four micro-plots were set up in a large area of a field with a light
loam soil texture. The plots were 3 m x 3 m and located randomly
within the field. The plots were set up as follows: (i) conventional
practice, i.e. in the usual way to produce winter wheat or spring
maize, (i) soil left bare after sowing, and all small plants were
removed from the plot just after germination, (iii) plastic filming was
placed between plant rows as much as possible, and (iv) straw mulch-
ing in which maize straw was placed between plant rows as much as
possible. Pictures of the field are shown in Figure 1.

Soil samples were collected by drilling soil cores at depths of 0-5,
5-10, 10-20, 20-40, 40-60 and 60-100 cm and at different times.
The delta oxygen-18 (5'80) and delta hydrogen-2 (§2H) values of soil
water were measured. Rainfall and irrigation were recorded and their
5'80 and &%H values were also measured.

Soil temperatures at depths of 5, 10, 15, 20 and 25 c¢m were
measured by thermal probes and recorded using a data logger every
20 min.

Yields of winter wheat and spring maize were recorded by har-
vesting all plants in each plot and measuring the dry weight of grain.
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(a)

(9]

FIGURE 1. Photos of the experimental field. Note: a, b and c represent respectively the plots of conventional cultivation, film mulch-
ing, and straw mulching in the spring maize system, and d shows the plot of film mulching in the winter wheat system.

TABLE 1. Main parameters in partitioning E from soil TWL using the IMB method

Rainfall

Crop Period! (m/d)

Amount (mm) Average 580 (%o)
Winter wheat 4/7 - 6/22 108 -7.33
Spring maize 6/25 - 9/29 268 -7.79

Irrigation
Average soil T at -5 cm (°C)
Average 580 (%o)

90 -7.60

Amount (mm)
25.8

0 - 22.6

1 The period for winter wheat was from tillering to harvest; for spring maize it was between elongation and harvest.

Isotope mass balance (IMB) method

The method of Hsieh et al. (1998) was used to calculate the ratio of
E to TWL during selected periods within the whole growing seasons
of the winter wheat and spring maize.

The main principle of IMB was the balance of water and its iso-
tope during a given period.

X000 + XiOr + Xi0j = XsOf + XeOe + XtsOts (1)

Mo+ My + Mj=MmMs+ Ma + My (2)

where m is the mass of soil water per ha within a given depth, m3; &
is isotope value (*80 or 2H) of water, %o; and the subscripts O, T, i, f,
e, and ts are respectively: original state, rainfall, irrigation, final state,
E, T and S, respectively.

Xj = my Miotal, here j=0, 1,1, f, e, and ts

Miotal = Mo + My + M
For 8¢ at 20°C, the equation of Majoube (1971) was used:
ale = (&) + 1000)/(8¢ + 1000) = 1.009563

8¢ was assumed to be the §180 values of the weighted mixture of soil
water at time O and of irrigation water and rainfall and:

&t = xo09 + Xi6j + X5,

The standard state of IMB was defined by determining the fol-
lowing parameters: E at a soil depth of 5 c¢m, average soil tem-
perature at 5 cm depth was 19.8°C and root water absorbing depth
ranging from 5 cm to 60 cm along the soil profile.

Values for the main parameters are shown in Table 1.

RESULTS

The dynamics of soil water content and the corresponding oxygen
isotope values under spring maize in 2010 and winter wheat in 2012
are shown in Figures 2 and 3. For spring maize, soil water content
along the upper 80 cm of the soil profile varied significantly during
the whole growing season, showing that water stored in this part of
the profile was influenced greatly by the water absorption capacity
of maize roots, rainfall recharge and/or irrigation and E (Figure 2, a1
to d1). Thus, it was reasonable to use 80 ¢cm as the depth of water
absorption by maize roots. On the other hand, variations in isotope
values of soil water (5'80) caused by isotope discrimination during
phase change (E), occurred only at depths above 30 cm, suggesting
that E occurred mostly within this part of the soil profile (Figure 2,
a2 to d2).
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FIGURE 2. The dynamics of soil water content and the corresponding §'80 values along the soil profile under spring maize. Note: a,
b, ¢, and d represent respectively the plots of conventional cultivation, bare soil, film mulching, and straw mulching numbers 1 and 2
represent respectively the soil water content and §'20 values of soil water.

TABLE 2. Depth (mm) and percent (values in brackets) of E to TWL in winter wheat and spring maize

Conventional Filming
Crop Year
TWL E TWL
2010 147 33 (22) 92
ww
2012 165 24 (15)
SM 2010 206 63 (31) 157

Mulching Bare
E TWL E TWL E
19 (21) 56 23 (41)
87 46 (53)
22 (12) 178 43 (24) 182 65 (38)

Figures in brackets are % of E to TWL; WW — winter wheat; SM — spring maize.

The depth at which the roots of spring wheat absorbed water was
the same as for spring maize (about 80 cm), as shown by the great
variation in soil water content along the 80 cm soil profile during
the growing season (Figure 3, b). For the plot with bare soil, the soil
water content decreased continuously, as no irrigation was applied
to it (Figure 3, a). Again, E mostly occurred at above a soil depth of
30 cm, as reflected by the great variation of §'80 values in the upper
30 cm and the relative steady values below that depth (Figure 3, c
and d).

Table 2 shows the results for separating E from TWL by the IMB
method and the soil water budgets at depths of 0-60 c¢m for winter

wheat and 0-100 c¢m for spring maize. The IMB method enabled
clear differentiation of E between the plots. For winter wheat, E was
about 20 percent (range 15-22 percent) of TWL under conventional
cultivation and 21 percent with filming, suggesting that filming did
not reduce E significantly in winter wheat. For bare soil, E was about
50 percent of TWL (range 41-53 percent), meaning that half of water
loss in bare soil was via E. On the other hand, both filming and straw
mulching reduced E significantly in spring maize (by 19 percent and
7 percent, respectively).

The relatively lower E (15-22 percent) for winter wheat can be
attributed to irrigation being carried out late, at the middle of May
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FIGURE 3. The dynamics of soil water content and corresponding 6'80 values along the soil profile under winter wheat. Note: a and
b represent respectively the soil water contents in the plots of bare soil and conventional cultivation, and c and d represent the cor-

responding §'80 values of soil water.

when the crop cover is nearly 100 percent. Before May, the top soil
is very dry and E is inhibited.

The component of E for spring maize (31 percent) can be
assumed to occur mainly during May to June when the crop cover is
lower with excessive rainfall events.

DISCUSSION

In IMB, three factors affect the results of calculations, namely depth
of soil E, root water absorbing depth, and soil temperature. It is dif-
ficult to determine the depth beneath soil surface at which soil water
evaporates. Yet, the depth at which E takes place is critical since it
determines the &) value of soil water to be used in the estimation of
0. of the vapour. The present results show that with different depths
of E, the ratio of E to TWL could be as much as 18 percent more or
44 percent less than the current depth of 33 mm (Table 3), indicating
the importance of determining the depth to be used for calculations
of E to obtain reasonable values when using the IMB method. In Table
3, a sensitivity analysis was carried out where different soil depths
(0-5, 0-10 and 0-20 cm) of E were used to determine the evapora-
tion ratio. These were then compared with that of the standard which

is E occurred at soil depth of 5 cm, at a soil temperature of 19.8°C
at that depth, with root water absorbing depth ranging from 5 cm
to 60 cm. The aim of this exercise is to see the difference in E ratio

calculated by IBM using different E depths.

Root water absorbing depth is also important in the IMB method
since it determines the Ot values used in the calculations. Results
obtained here show that it could vary by as much as 30 percent less
than the current depth (Table 3). However, the influence of the root

water absorbing depth is smaller than the depth at which E occurs.

The effect of soil temperature on E at a soil depth of 5 cm was
not so significant, with only a 2-3 percent difference being recorded
when the temperature changed from 20°C to 15°C, which is not

likely to happen at a given location between different years.

CONCLUSIONS

IMB is a simple way to partition E from the TWL of a soil body over
the whole growing season, and is especially effective for small plot
field experiments. Its sensitivity is good enough to demonstrate dif-
ferences in E between plot treatments of straw mulching, filming,

conventional practice and bare soil.
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TABLE 3. Effects of depth of E, root water absorption, and soil temperature at 5 cm depth on the evaporation ratio (%) calculated

using the IMB method
State
Standard 33

E occurring depth (cm)

Conventional

Filming

19

0-5 31 (-6%) 22.5 (+18%)
0-10 23 (-30%) 14.5 (-24%)
0-20 18.5 (-44%) 11.5 (-41%)

Root water absorption depth (cm)

5-60 26.5 (-21%) 17.5 (-8%)
5-40 24.5 (-25%) 16.5 (-13%)
20-60 23 (-30%) 16.5 (-13%)
Soil temp. at 5cm depth (°C)

20 24 + 2 (S.E.) 16 + 2 (S.E.)
15 21+ 2 (S.E) 14 + 2 (S.E.)

Figures in brackets are differences between E and the corresponding current state.

The most important factor determining results using the IMB
method is the depth of E within the soil. In this experiment, isotope
measurement of soil water at a depth of 0-5 ¢cm was critical to
the success of the IMB technique.
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An Improved Vacuum Distillation Method for
Extracting Soil Water for Stable Isotope Analyses

L. Mayr"”, M. Aigner! and L. Heng?

ABSTRACT

A simple, fast and portable vacuum distillation setup and methodol-
ogy to extract water from soil and plant samples for water stable
isotope analyses (oxygen-18 ['80] and hydrogen-2 [2H]) was devel-
oped. The methodology was tested on two soil types (a sandy loam
and a silty clay loam) over different extraction times and soil moisture
(near field capacity and permanent wilting point). Using an immer-
sion cooler instead of liquid nitrogen or solid carbon dioxide (dry ice)
as the cooling agent, the results showed that full recovery (extracting
more than 98 percent of the total water) and reproducible isotopic
ratios (+ 0.08%o for §'80 and + 0.83%s for 62H) can be reached after
30 min with a dry sandy soil and 120 min with a dry clay soil at 100°C
distillation temperature. The methodology allows large number of
samples to be prepared for analysis quickly and reliably.

Key words: Vacuum distillation, soil water extraction, stable
isotope analyses.

INTRODUCTION

The need for a rapid, inexpensive technique for routine oxygen-18/
oxygen-16 (180/10) extraction of water from plant and soil samples
is increasing due to the greater demand for isotopic data in agro-
ecological, soil water, evaporation and transpiration partitioning
and hydrological studies (White et al., 1985; Williams et al., 2004;
Van Pelt et al., 2010; Soderberg et al., 2011). The common sample
extraction techniques include: azeotropic distillation with kerosene
or toluene (Revesz and Woods, 1990), centrifugation (Edmunds and
Bath, 1976), liquid/vapour equilibration in plastic bags (Wassenaar
et al., 2008), mechanical pressing (Patterson et al., 1977; Jusserand,
1980) and vacuum distillation (Araguds-Araguas et al., 1995; West,
Patrickson and Ehleringer, 2006; Koeniger et al., 2011), the last being
the most commonly used method. Nevertheless, most of the conven-
tional techniques are often laborious, time consuming and involve
complicated setups with specially-made glass apparatus. In addition,
liquid nitrogen or dry ice is needed to freeze and trap water vapour
evaporated during extraction. However, both of these cooling agents
can be difficult to acquire in many developing countries. With water
isotope analyses becoming cheaper, easier and faster (e.g. through
the development of modern laser isotope analyzers e.g. cavity ring
down spectroscopy [CRDS]), the bottleneck in sample throughput is
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often the water extraction time instead of the isotopic analysis of
water.

Here we describe a simple, fast and accurate vacuum distillation
method using a commercial immersion cooler and a Dewar container
filled with 2-propanol at -50°C, in place of the liquid nitrogen or
dry ice for freezing water vapour. The method can be easily adopted
at a relatively low cost and allows large number of samples to be
extracted quickly for isotopic analyses.

MATERIALS AND METHODS

The studies were carried out using two different soil types: Ebendorf
silty clay loam and Reisenberg sandy loam (Table 1), adjusted to two
different moisture levels: close to field capacity (Ebendorf soil at
0.1 bar; Reisenberg soil at 0.3 bar) and near wilting point (Ebendorf
soil at 12.5 bar; Reisenberg soil at 1 bar). In order to avoid fractiona-
tion of delta oxygen-18 (5'80) and delta hydrogen-2 (§2H) during
the moisture adjustment, soil moisture at both levels was adjusted
using a ceramic pressure plate extractor (Soil Moisture Equipment
Corp., Santa Barbara, California, USA). The two bulk soils were
initially air dried and sieved to 2 mm. About 500 g of each soil type
was equilibrated with one litre of water of known §'®0 and §°H
content (8180 = —9.28%o; 62H = —67.76%.). The slurry, made by stir-
ring the soil-water suspension thoroughly, was left standing covered
and light-protected for two days at room temperature (25°C). After
the equilibration time the excess water was decanted and the wet
soil poured into three metal rings (55 mm diameter, 40 mm height)
for each soil type (three replicates) and placed on a ceramic pressure
plate. Water was removed from the soil by applying the appropriate
pressure until no more water was found flowing out of the pressure
chamber.

After moisture adjustment, five subsamples of 3-5 g per soil type
and per moisture level were taken from each of the metal rings using
an auger (10 mm diameter) and weighed into tare 100 x 16 mm
glass culture tubes, and a pre-weighed portion of dry glass wool was
added on top of the soil to prevent small soil particles moving into
the trapping tube during distillation. The tubes were immediately
closed and stored in the deep freezer at —18°C.

The setup allowed these sample storage tubes (15 mL glass
culture-tubes with GL18 screw caps) to be connected to the distil-
lation unit without the need to transfer the sample to other con-
tainers. The tubes were connected to one end of a glass assembly
with a water collection tube, and a cock valve with NTFE spindle on
the other side (Figure 1).

A six-litre stainless steel Dewar was filled with four litres of
2-propanol and the immersion cooler (Peter Huber, TC50-NR) was
submerged into the liquid. A temperature of -50°C was reached after
about three hours (h). The cooling device was on during the whole
distillation procedure.
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TABLE 1. Characteristics and moisture level of test soils

Soil type Soil code % sand % silt % clay Applied pressure % moisture

C-wet 16 57 27 0.1 bar 333
Ebendorf silty clay loam

C-dry 12.5 bar 19.8

S-wet 65 28 7 0.3 bar 18.7
Reisenberg sandy loam

S-dry 1.0 bar 12.6

Cock valve

(NTFE spindle) \

Glass tube (10mm)

mﬁ ¥~ Screw joints —

(GL18 thread)

Sample tube /'

(culture tube 100x16mm)

\ Glass wool

Soil (5g)

Trapping tube
U (culture tube 160x16mm)

FIGURE 1. Schematic diagram of glass assembly.

FIGURE 2. An improved vacuum distillation method for extract-
ing soil and plant water for stable isotope analyses, with heat-
ing blocks (A), Dewar filled with 2-propanol (B) and immersion
cooler (C).

Prior to evacuation the sample was frozen in the Dewar con-
nected to the immersion cooler for about three min to minimize
water vapour in the gas phase and to avoid losses of water dur-
ing evacuation. The assembly was attached to a vacuum pump
(Edwards, E2M-15) and pumped down to a pressure of less than 1
mbar measured with a digital vacuum gauge (Vacuubrand, DVR2).
The cock valve was closed to maintain the vacuum in the sample
and the assembly was detached from the vacuum pump. The sample
side of the unit was then put on a block heater (VWR, ANA 2BLK)
set to 100°C, and the other side with the water collection tube was
inserted to about one third of the total length into the cooling liquid
at -50°C. Depending on the size of the block heater and the Dewar
container for the immersion cooler, at least eight units can be distilled

at one time. With our setup we were able to process 15 samples at
once (Figure 2).

Three replicate samples per moisture level were prepared for
water extraction at five different extraction times (15, 30, 60, 120
and 180 min). Fifteen samples of each soil were put on the block
heater and after the corresponding extraction time three replicates
each were removed, vented to air by opening and closing the stop-
cock valve, and left standing in a rack until the ice in the water trap
had melted. Then the sample and water tubes were disconnected
from the glass assembly and closed immediately with screw caps. All
tubes were weighed after having reached room temperature (25°C).

Water was transferred from the trapping tubes into 2-ml auto-
sampler glass vials (32 x 12 mm) using disposable pipettes. For
water volumes of less than 0.5 ml, vials with a 0.3 ml insert were
used. The samples were analysed for §'80 and &%H using a cavity
ring down laser spectrometer (CRDS Picarro Isotopic Water Analyzer
L2130-i).

After extraction the soil dry weight was recorded and the tubes
containing soil were placed on a separate block heater at 110°C
and closed with silicone stoppers holding two syringe needles. One
was connected to an aquarium pump blowing dry air onto the soil
using a molecular sieve filter. The other needle was for release of
the moist air. With this special drying procedure all remaining mois-
ture could be removed overnight. After cooling to room temperature
the soil samples were again weighed and the difference between
soil weight after extraction and soil weight at “complete dryness”
was determined.

MEASUREMENTS AND CALCULATIONS
The percent recovery was determined using the following equation:

% water recovery = (Syet—Sdist/(Swet=Sdry) x 100

where Syet is weight of wet soil Syist is weight of soil after distillation
and Sgyy is weight of soil after oven drying (48 h at 110°C). Araguas-
Araguas et al. (1995) suggested 98 percent recovery as the minimum
for isotope analyses to obtain unfractionated water.

RESULTS AND DISCUSSION

S-wet and S-dry (sandy soil)

The results of the isotopic (680 and &2H) values for the two soil
types under both wet and dry initial water levels were plotted against
the extraction time (Figure 3). The isotopic value of extracted water
increased with extraction time until it became essentially constant.
These values were respectively 15 min for wet sandy soil and 30 min
for dry sandy soil.

For Ebendorf clay soil, 30 min was required for extraction of wet
soil while it took 120 min to recover 98 percent of the total water
from dry soil (Figure 3; Table 2). In general, extraction of dry soil took
longer to obtain unfractionated water than wet soil. The Ebendorf
clay soil also took slightly longer than the Reisenberg sandy soil. Dif-
ferences in soil texture and hence in pore size distribution between
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FIGURE 3. Extraction time for 98 percent recovery from Reisenberg sandy and Ebendorf clay soils under wet and dry conditions (left);
corresponding 8'80 and &%H values under various extraction times are also shown (right).



364

L. MAYR et al.

TABLE 2. Minimum distillation time required to achieve a water recovery of > 98 percent and their corresponding §'80 and 6%H

precisions at one standard deviation

Soil type Time (min) Precision (10 SD)
8'80 (%) 82H (%a)
Ebendorf clay soil C-wet >=30 +0.09 +0.58
C-dry >= 120 +0.13 +0.83
Reisenberg sandy soil S-wet >=15 +0.11 +0.51
S-dry >= 60 +0.08 +0.43

the soil types may influence the extraction time. West et al. (2006)
presented water extraction times for plant and soil materials also
using a vacuum distillation method. They obtained extraction times
of 30 min for sandy soils and 40 min for clay soils for a 98 percent
recovery of water, which is comparable with the findings from
the present study.

The precision of the analytical method is shown in Table 2. Sin-
gle standard deviation was calculated from all respective samples
with a water recovery higher than 98 percent. Just like the findings
of West, Patrickson and Ehleringer (2006), our results showed low
standard deviations of extracted water for §'80 and &%H in both
sandy and clay soils.

CONCLUSIONS

A simple, fast, affordable and portable vacuum distillation method
for extracting soil samples for isotopic analysis was developed.
The extraction times were 30 min for the Reisenberg sandy soil and
120 min for the Ebendorf clay soils. The method does not require
the use of liquid nitrogen or dry ice hence can be adapted easily for
developing countries. The storage vials can be connected directly to
minimize the transfer of sample. Other advantages of this system are
the portability, the relatively low price (US$8 000 for a setup of 12
samples) and the high throughput. The fast recovery and reproduc-
ibility of the new methodology developed is valuable for quantifying
the removal of water from the soil around crop roots through soil
evaporation and transpiration. This information will be used to iden-
tify soil and water management practices that minimize water losses
via soil evaporation.
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ABSTRACT

Amino sugars are the building blocks of microbial cell walls and
have been used widely to assess microbial residues. To have a better
insight in the formation dynamics of amino sugars in soil, uniformly
carbon-13 ('3C)-labelled wheat residue of different quality (grain,
leaf and root) was amended to two soils under distinct tillage
managements. The isotopic composition of individual amino sugars
was measured using liquid chromatography — isotope ratio mass
spectrometry (LC-IRMS). Maximum formation was reached within
a few days after residue addition. Glucosamine and galactosamine
followed dissimilar formation kinetics. The maxima of incorporation
of residue C into the amino sugar pools ranged from 1.0 percent for
galactosamine to 10.6 percent for glucosamine. Formation rate con-
stants of residue-derived amino sugars ranged from 0.11 to 0.48/d
for galactosamine and glucosamine, respectively. In general, larger
amounts of amino sugars were formed at a higher rate with increas-
ing plant residue quality. The microbial community of the no-till soil
was better adapted to assimilate low quality plant residues (i.e. leaf
and root). All together, the formation dynamics of microbial cell wall
components was component-specific and determined by residue
quality and the soil microbial community.

Key words: amino sugar, kinetics, organic residue, tillage, car-
bon-13, LC-IRMS.

INTRODUCTION

Microbial decomposition of soil organic matter (SOM) releases 60 Pg
of carbon dioxide and 300 Tg of methane to the atmosphere each
year. Aerobic or anaerobic microbial breakdown of soil organic mat-
ter is controlled by its recalcitrance, physicochemical protection and
microbial enzyme activity, and controls the potential for terrestrial
ecosystems to sequester or release carbon (C) to the atmosphere
(Craine, Fierer and McLauchlan, 2010). Slight changes in the rate of
SOM decomposition due to human disturbances or temperature can
significantly affect the concentration of carbon dioxide or methane
in the atmosphere. Predicting the sensitivity of SOM decomposition
to temperature change or human disturbance is therefore critical to
predicting future atmospheric greenhouse gas concentrations and
feedbacks to climate warming and soil degradation.
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One of the most significant impacts that microbial communities
have on their environment is their ability to recycle essential elements
that make up their cells (Glaser, Turrion and Alef, 2004). Therefore,
there is considerable interest in understanding the biological mecha-
nisms that regulate C exchanges between the land and atmosphere,
including microbial metabolism (Allison, Wallenstein and Bradford,
2010). Amino sugars are useful microbial biomarkers to investigate
the dynamics of microbial communities due to their prevalence in
the cell walls of microorganisms, their insignificant content in plant
residues and their recalcitrance after cell death (White, 1968; Ame-
lung et al., 2001; Glaser and Gross, 2005; He et al., 2005; Liang and
Balser, 2010). Over 90 percent of amino sugars are found in dead
cells (Amelung et al, 2001). Therefore, the amino sugar content
is used to quantify microbial residues rather than a proxy for living
microbial biomass and activity (van Groenigen et al., 2010). Glucosa-
mine in soil is mainly derived from chitins of fungal cell walls, though
it also occurs in bacteria. Muramic acid originates exclusively from
peptidoglycans of bacterial cell walls (Farkas, 1979, Amelung et al.,
2001 and 2008, He et al., 2005). The origin of galactosamine is less
clear and is typically considered to be non-specific, as actinomycetes,
bacteria and fungi all likely contain considerable amounts of galac-
tosamine (He et al., 2005; Ding et al., 2010).

Therefore, the first aim of this study was to elucidate residue-
derived amino sugar formation kinetics following plant residue addi-
tion. Also evaluated was the use of residue C incorporation dynamics
into the amino sugar pools as a tool to assess microbial physiology.

To these ends, a laboratory incubation experiment was carried out
in which two soils with a distinct tillage management were incubated
with carbon-13 using '3C-labelled wheat residues of different quality
(wheat grain, leaves and roots). The amino sugar formation dynamics
were determined by measuring the evolution of the '3C content of
individual amino sugars via liquid chromatography — isotope ratio
mass spectrometry (LC-IRMS).

MATERIALS AND METHODS

Soil description and incubation

Soil description

The soils for this study were collected from the field site located
in Maulde, Belgium (50°37'N, 3°34'E). The climate of the site is
characterized as temperate and humid marine with a 30-year mean
precipitation of 780 mm per yr, and mean maximum and minimum
temperatures of 13.5°C and 6.3°C, respectively. The soil is classified
as a Luvisol (FAO, 2006). The field site has been used for cropping
over 100 yr and was converted from conventional tillage (moldboard
plowing to 30 cm and harrowing of the top 10 cm) to reduced tillage
(harrowing of the top 10 cm) in 1995. In 2006, one third of the field
was reconverted to conventional tillage, another third to “no-till”

L.K. Heng, K. Sakadevan, G. Dercon and M.L. Nguyen (eds), Proceedings — International Symposium on Managing Soils for Food Security and
Climate Change Adaptation and Mitigation. Food and Agriculture Organization of the United Nations, Rome, 2014: 365-369
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(no soil disturbance and direct seeding). Soils from both conventional aC . _aic

(CT) and no-till (NT) fields were collected. S, = | —et 2 1)
' a°Cy —aCyy

Incubation experiment

The uniformly '3C labelled wheat (Triticum aestivum) had been
grown with 13COZ (2 atom% excess) (Denef and Six, 2006).
The grain, leaves and roots were collected, dried at 45°C and stored
at room temperature until incubation. Residues were ground to
a size <250 pm and mixed thoroughly with the soil. An application
rate of 6 mg substrate C/g dry soil was used in six treatments: NG
(NT with grain residue), NL (NT with leaf residue), NR (NT with root
residue), CG (CT with grain residue), CL (CT with leaf residue), and
CR (CT with root residue). There were three microcosm replicates for
each treatment.

The incubation temperature was maintained at 24°C and
the moisture content at 20 percent (w/w). Sampling was done after
0, 9, 24, and 45 hrs, and at 3, 5, 10 and 21 d by instantaneously
freezing the microcosms in liquid nitrogen followed by lyophilization.
The subsamples were stored at —20°C for subsequent analyses.

Amino sugar analysis
The amino sugar extraction procedure was based on the method
described by Bodé, Denef and Boeckx (2009). Briefly, c.a. 0.2 g soil
was hydrolyzed for eight hrs at 105°C using 10 mL 6M HCI. There-
after, the soil suspension was filtered (GF/C 25mm, Whatman) using
a reusable syringe filter device (Millipore, SWINNEX). Water and HCI
were removed by evaporating under reduced pressure at 45°C, and
the concentrated amino sugar sample was re-dissolved in MilliQ
water. After purification by a cation exchange resin, the amino sugar
solution was dried and re dissolved with 1.5 mL MilliQ water. Con-
centration and delta carbon-13 (§'3C) of amino sugar were deter-
mined by liquid chromatography-isotope ratio mass spectrometry
(LC-IRMS) (Thermo Electron, Bremen, Germany).

The fraction of amino sugar C derived from the '3C-labelled resi-
dues at a time point t was calculated as:

where a'3Cg and a'3Csop are '3C fractional abundances (3C/(13C
+ 120)) of the added residues and original SOM, respectively; and
a'3Cas,t and a'3Cps ¢ are the isotopic composition of the amino
sugar of interest at time t and at the start of the incubation experi-
ment, respectively.

It should be noted that the 13CA5,to was not identical to the origi-
nal isotopic composition of the soil amino sugar (ASp) due the pres-
ence of '3C-labelled amino sugars in the plant residues. Since plants
do not produce amino sugars (Amelung et al., 2008), this is likely
explained by the presence of endophytic bacteria and fungi (Appuhn
et al., 2004, Reinhold-Hurek and Hurek, 2011) in the labelled plant
material.

Bulk soil isotopic analysis

Sub-samples of air dried soil samples were ground by a planetary ball
mill (PM400, Retsch, Germany) for total C and N, and '3C and nitro-
gen-15 (*5N) analyses were by an elemental analyzer (EA) (ANCA-SL,
SerCon, UK) coupled to an IRMS (20-20, SerCon, UK).

Statistical analysis

Statistical analysis was performed using SPSS 19.0. A three-way
analysis of variance (ANOVA) procedure with Tukey’s HSD (Honestly
Significant Difference) post hoc test was used to analyse the effects
of plant residue quality, amino sugar identity and tillage on amino
sugar formation and C mineralization using a general linear model.
When a significant interaction between factors was observed this
interaction was investigated by repeating the statistical test for
the different levels of the interacting factors individually. Unless
otherwise stated a significant level of difference was set at o = 0.05.
Non-linear regression analysis was used to determine k and maxima
in non-linear equation (2).

L No-till 1 Conventional till

12 A 12 4
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e 10 4 ¥ measured leaf — — —  model leaf
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° ¢
- 1
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Incubation time (d)

FIGURE 1. Modelled and measured contribution of residue derived C to the amino sugar pool (ASg) as function of time. fGIcNg and
fGalNR are respectively the fractions of glucosamine and galactosamine C derived from the added labelled residue. Data points are
averages of three replicate experiments; error bars represent standard errors (adapted from Bai et al., 2012).
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TABLE 1. Parameters description for ASg formation (adapted from Bai et al., 2012)

AS Treats ASg (nmol/g dry soil) ASg (%) ¢ R?
NG 7904 0.48 + 0.08 0.89
NL 3781 +66 5.9+0.6 0.20 £ 0.04 0.84
NR 2605 0.30 £ 0.16 0.38

GlcN
CcG 10.6 £ 0.7 0.43 £ 0.08 0.86
CL 2985 + 199 6.0+ 0.4 0.28 + 0.05 0.84
CR 1.3+0.3 0.34 £ 0.24 0.35
NG 45+03 0.39 + 0.07 0.87
NL 1937 + 102 48+04 0.11 = 0.02 0.93
NR 16+0.4 0.25 +0.17 0.46

GalN
CG 6.5 + 0.4 0.42 = 0.07 0.87
cL 1742 110 4.0+0.2 0.22 + 0.03 0.92
CR 1.0+0.3 0.20 £ 0.11 0.58

RESULTS TABLE 2. Effect of plant residue quality (Rq), amino sugar type

Incorporation of residue carbon in amino sugar
pools

The isotopic '3C composition of individual amino sugars increased
exponentially during the first day of incubation, indicating a fast
incorporation of the residue C into the amino sugar pools (Figure 1).

A first order kinetic model was fitted to the formation dynamics
of residue-derived glucosamine and galactosamine (Figure 1) using
the following equation:

fASR = fASR max(1-€%) ?)

where fASR max is maximum of the exponential incorporation of
residue C into amino sugar pool; fASg is amount of residue derived
amino sugar at time t; and k is the formation rate constant of
the exponential formation of residue derived amino sugars.

The k-values of glucosamine and galactosamine ranged from 0.48
to 0.20/d and from 0.11 to 0.42/d, respectively (Table 1). Unfortu-
nately, the correction for ‘entophytic’ (labelled) muramic acid induced
a high uncertainty on the residue derived muramic acid formation,
making these data unusable.

Statistical analysis of the formation kinetic
parameters

Using a multi way ANOVA (Table 2), the effect of amino sugar type,
residue quality and tillage history of the soil on parameters describing
the dynamics of residue derived amino sugar formation (fASg Max.
k (Equation 1) and on fASg max relative to the original amino sugar
concentration) were investigated.

DISCUSSION

This study quantified newly formed amino sugars during peak
microbial activity following plant residue addition. Noticeably, soil
microorganisms prefer to feed on fresh organic residues rather than
on endogenous SOM during exponential microbial activity following
residue addition (Amelung et al., 2008).

The incorporation of residue C into the amino sugar pool reached
a maximum within ca. one week after which the residue derived
amino sugars formation reached a steady state (Table 1, Figure 1).
Liang et al. (2007) reported that amino sugar content in black soil

(AS;) and tillage history of the soil samples (Till) on the maxima
of the residue C incorporation in the amino sugar pool (fASg max)
and production rate constant (k).

fASR,Max k

rank GlcN > GalN GIcN > GalN
AS F-value (178) ™" (6.36)"

rank G>L>R G>L=R
Rq .

F-value (355) (10.5)

. rank NT =CT CT =NT

il F-value (2.52) (0.006)

F-value (36.9)""" (0.006)
ASixRq AS;onRq  GlcN (213)"", GalN(155)**

Rgon AS;  G(135)"", L(42.8)*, R(11.1) ** NA-

F-value (5.69)" (0.238)
Roxtill RgonTill G (35.9)7*2 L(2.10), R (19.3)"

TillonRq  NT (123)"**, CT(242)"** NA

F-value 32.3" (1.24)
AS; xTill ASion Till  GleN (5.52)", GalN(0.562)

Tillon AS;  NT (74.2)"**, CT(104)"** NA
E%’I‘I ASi Evalue (3.56) (0.133)

The levels of the factors tested are ranked in decreasing magnitude of
the specific variables (p < 0.05) followed by the F-values (between brackets)
of the factor effect, obtained from a multi way ANOVA. The F-value of
the interaction of factors is followed by the F-value of one interacting factor
for each individual level of the other interacting factor and an indication of
the significance of the difference between the levels of the other interacting
factor (adapted from Bai et al., 2012).

N.A. — not applicable; G = grain, L = leaf, and R = root; CT = conventional till
and NT = no-till

Differences between factor levels were tested using Tukey’s HSD (p < 0.05)
post hoc test. " — p < 0.001, *=p < 0.01, " = p < 0.05

2 The ranking is different from the total effect (i.e. CT > NT)
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reached a maximum within three weeks upon incubation with maize
residue, thereby increasing the original amino sugar content by one
third. Decock et al. (2009) also revealed maximum '3C incorporation
into glucosamine and galactosamine within one week after incuba-
tion with '3C-labelled wheat residues.

Glucosamine, galactosamine and muramic acid
formation dynamics

As muramic acid originates exclusively from bacterial cell walls,
while glucosamine and galactosamine are present in both bacte-
rial as fungal residues (Amelung et al., 2001 and 2008; Glaser and
Gross, 2005; Engelking, Flessa and Joergensen, 2007), muramic
acid is the preferred biomarker to differentiate bacterial and fungal
activity for incorporation of residue-derived C. Unfortunately, due to
the higher uncertainty concerning the muramic acid measurements
and the high '3C muramic acid contamination of the plant residues
the formation dynamics of muramic acid could not be determined.

The fASR max ranged from 1.3 percent 11 percent for glucosa-
mine while for galactosamine the range was from 0.8 percent to
5.7 percent. A similar trend was also observed in other studies (Gla-
ser and Gross, 2005; Engelking, Flessa and Joergensen, 2007; He
etal, 2011).

Bacteria and fungi both produce glucosamine and galactosamine
(Amelung et al., 2001 and 2008; Glaser and Gross, 2005). However,
the strong amino sugar type effect on fASg vax and on k indicates
that these amino sugars are formed through dissimilar processes.
Engelking, Flessa and Joergensen (2007) reviewed the available
literature on amino sugar concentrations in cultured bacteria and
fungi, which revealed that the galactosamine/glucosamine ratio
appeared to be on average almost three times higher in fungi com-
pared with bacteria, making residue-derived galactosamine a ‘more’
fungal marker than glucosamine when considering microbial activ-
ity. The higher formation rate constant of glucosamine compared
with galactosamine therefore most likely indicates that bacteria play
a more important role for early stage incorporation of residue-derived
C, i.e. "fast energy channel” (Rousk and Baath, 2007). The slower
formation of galactosamine corroborates with the slower turnover
of fungi compared with bacteria; for which fungi are involved in
the slow energy channel through the soil food web (Rousk and
Baath, 2007).

Effect of residue quality

The high C:N ratio and high lignin content (unpublished data) of root
indicates its low quality while grain had the highest quality. This dif-
ference resulted in different fASg pax values between residues: grain
> |eaf > root (p < 0.001). The interaction between residue quality and
amino sugar type revealed that the difference between the fASg max
for glucosamine and galactosamine was much more pronounced for
grain than for leaf and root. Considering the higher fungal origin
of galactosamine, this interaction indicates (at least during peak
microbial activity) that fungi are less dependent on the quality of
the residue than bacteria for de novo amino sugar formation. This is
in accordance with expectations since it is generally believed that bac-
teria especially rely on easily available C compounds while the fungal
community is better adapted to colonize more recalcitrant sources
(Myers et al., 2001; Waldrop and Firestone, 2004).

Effect of site tillage history

In general, tillage had no significant effect on fASR pax Or k. However,
the interaction between tillage history and residue quality (Table 2)

indicated that the conventionally tilled soil was better adapted to
incorporate residue C of the highest quality (grain), while the no-till
soil was better adapted to incorporate residue C of the lowest quality
(root). This may be explained by the microbial community differences
typically found in no-till soil. Fungi, showing a great ability to decom-
pose more recalcitrant substrates (Acosta-Martinez et al., 2003; Ding
etal., 2010; Werth and Kuzyakov, 2010), are typically more abundant
in the no-till soils (Fu et al, 2000; Thiet, Frey and Six, 2006; White
and Rice, 2009).

Field measurements and laboratory incubations both showed
that the relative change in galactosamine was significantly smaller
than for glucosamine (Table 2), indicating that the more conserva-
tive response of galactosamine upon shift in tillage was (at least
partially) due to a lower formation of residue derived galactosamine
compared with glucosamine after receiving increased residue input in
the no-till treatment.

CONCLUSIONS

A first order kinetic model could describe residue-derived amino
sugar formation, which reached a maximum and steady state a few
days after residue addition. During peak microbial activity de novo
residue derived amino sugar formation was surprisingly fast, and
production rate constants for glucosamine (0.20-0.48 d) were faster
than those for galactosamine (0.11-0.39 d).

The faster incorporation of residue C into glucosamine underpins
the role of bacteria as a “fast energy channel” as described by Rousk
and Baath (2007). In addition, the de novo amino sugar formation
relative to the original amino sugar pool was higher for glucosamine
than for galactosamine; however, this difference declined strongly
with decreasing residue quality, confirming the better adaptation of
fungal communities to colonize more recalcitrant C sources. Finally,
the influence of tillage history on de novo amino sugar formation
indicated a better adaptation of soil microbial community to incorpo-
rate C originating from more recalcitrant plant residues in the no-till
treatment compared with conventional tillage.
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Suess Effect on Biomarkers Used to Determine
Sediment Provenance from Land Use Changes

M. Gibbs'”, A. Swales' and G. Olsen’

ABSTRACT

A compound-specific stable isotope (CSSI) technique developed to
positively identify the source of soil by landuse provides a tool to
determine the provenance of sediment from watershed erosion.
The CSSI technique uses the carbon-13 (3C) isotopic signatures of
plant-derived fatty acid biomarkers in the source soils and a mixing
model to deconstruct the sediment isotopic signatures into contrib-
uting source soils by land use. While the CSSI technique provides
qualitative information on where the sediment is coming from, for
guantitation it requires erosion rate information from the fallout
radionuclide (FRN) techniques. Together, the CSSI and FRN techniques
can identify landuse practices that are exacerbating soil erosion
i.e. hot spots. These tools can provide the information that allow
managers to target the resources available to mitigate soil erosion.
The data can also be used to map the dispersion of contemporary
terrigenous sediments through an estuary and to identify land use
changes through time from sediment cores. However, when the CSSI
technique is used to look back in time using contemporary source
libraries, the '3C isotopic signatures of the biomarkers need to be
corrected for the Suess effect, i.e. the isotopic depletion of the §'3C
signature of atmospheric carbon dioxide (CO;) due to the admixing
of isotopically depleted CO, from the burning of fossil fuels.

Key words: compound-specific stable isotope, fallout radionu-
clides, fatty acid biomarkers, soil erosion, Suess effect.

INTRODUCTION

Management of natural and agricultural resources in agro-ecosystems
for conservation of soil and sustainable food production requires an
understanding of the landuse practices exacerbating soil losses and
where the 'hot spots' of erosion occur within the watershed. Infor-
mation on sources is a key requirement for targeting sediment control
measures (Walling, Collins and Stroud, 2008). A compound-specific
stable isotope (CSSI) technique has been developed to determine
the provenance by land use of soil contributing to contemporary sedi-
ment at any location in a sediment deposition zone (Gibbs, 2008).
For source identification the technique uses a 'reference library' of
contemporary soil bulk carbon stable isotopic (6"3C) data and com-
pound specific 8'3C values of fatty acid biomarkers from a range
of landuse types. Although only recently developed in New Zealand
(Gibbs, 2008), the CSSI technique has been successfully tested in
several countries including Australia, England, and Austria (Hancock
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and Revill, 2011; Blake et al., 2012; Gibbs and Mabit, 2012), provid-
ing new information into sources and causes of erosion that could
not be obtained with conventional geochemical catchment modelling
techniques (Hancock and Revill, 2011).

The limitation of the CSSI technique is that it provides qualitative
data on the source proportions and requires additional information
on mass transport from other techniques to become quantitative. In
contrast, geochemistry techniques using soil mineralogy (Foster and
Lees, 2000) and fallout radionuclide (FRN) techniques using beril-
lium-7 (’Be), caesium-137 (37Cs) and lead-210 (2'%Pb) (Walling and
He, 1999; Walling, He and Blake, 1999; Wilson, Matisoff and Whit-
ing, 2007) provide information on recent erosion but cannot positive-
ly identify the sources of the sediment within the watershed (Walling
and Collins, 2008; Walling, Collins and Stroud, 2008). In combination
with the CSSI technique, these technigues have the potential to pro-
vide quantitative information on soil erosion sources to enable iden-
tification of hot spots of erosion in the landscape, and which may be
used to make informed decisions on the design and implementation
of mitigation measures to reduce soil erosion.

Originally the CSSI technique was developed to identify contem-
porary sources of soil erosion by deconstructing the source soil pro-
portional contributions in contemporary sediments (Figure 1). These
data indicated that one landuse was contributing substantially more
soil to the downstream environment than would be expected from
the area occupied by that landuse i.e. a hot spot. On-site investiga-
tion of the landuse (production forestry) located the hot spot and
identified the landuse practice (clearfell harvesting across a stream)
exacerbating the erosion. With this knowledge it was possible to
develop mitigation measures to reduce the erosion and protect
the downstream ecosystem.

The CSSI technique has also been used to determine the sources
of terrigenous soil contributing to sediment in the Bay of Islands, New
Zealand, and to evaluate erosion due to changes in landuse over time
(Gibbs and Olsen, 2010). This application used the present day catch-
ment soil library of CSSI values to deconstruct the soil sources from
the past contributing to depth-defined subsections from a 140 cm
long core (RAN S-9) from the Veronica Channel in the Bay of Islands.
Each subsection in the upper 70 cm of the core was dated using FRN
techniques with 2'9Pb providing an estimate of sediment accumula-
tion rates. The CSSI data were aligned with the 219Pb data to give
relative contributions of the main landuse soil sources at different
times (shadow graphs, Figure 2), and these sources of erosion were
related to historical events using historical data records (Figure 2).

During this phase of the study, it was found that there were
errors in the CSSI interpretations with the CSSI data indicating
the presence of pasture grasses had been introduced to New Zealand
before the arrival of the European settlers (Figure 2). The CSSI errors
were attributed to the Suess effect (Keeling, 1979), which results in
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FIGURE 1. Left: Spatial distribution of terrigenous soil in

the Mahurangi Estuary relative to the river inflow and the out-
flow to the sea. Right: the spatial distribution of the sediment
component derived from pine forest. The land area occupied by
pine forest in the watershed was 12 percent but the proportion
of soil from pine forest in the river delta was up to 60 percent.
(Contour plots produced using Surfer32 by Golden Software)

a change in the isotopic abundance of §'3C in atmospheric CO, over
time, and require correction (Verburg, 2007).

This paper defines the isotopic corrections needed to allow
the CSSI technique to be used to determine changes in landuse
erosion sources over time and applies these corrections to examine
the spatial and temporal changes in sediment erosion by landuse
in the Bay of Islands based on data from two sediment cores over

a period of up to 2 500 years before present (BP).
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inlet on the east coast of the upper North Island of New Zealand
(Figure 3). The area is historically important to New Zealand as it
is the landing place of the discoverer, James Cook in 1796, and
the signing place of the Treaty of Waitangi in 1840, the founding
document for New Zealand. The bay receives the discharge from five
watersheds around the bay via the Waikare, Kawakawa, Waitangi,
Kerikeri and Te Punga Rivers (Figure 3). Based on hydrological mod-
elling of these river inflows (Pritchard et al., 2010), the Kawakawa,
Waitangi and Kerikeri rivers are the main sources of sediment to
the bay.

A 140-cm long sediment core was collected from the Veronica
Channel (RAN S-9) and another shorter core (20 cm) was collected
from the middle of the bay (KAH S-20) at a depth of 30 m (Figure 3).
Both cores were split lengthwise to extract a 1-cm thick longitudinal
slab which was X-rayed to assess layering of different density parti-
cles at different depths in the cores. The X-ray images also located
shell fragments at different depths in the long core and these were
removed for carbon-14 ('4C) dating.

Analytical

Depth-related horizontal sections 1 cm thick were taken from
the remainder of the core. These were dried in an air fan oven at
50°C, then ground to a fine powder (< 100 pm mesh). An aliquot
(2 g) from each dried sample was acidified with 1 M hydrochloric acid
(HCI) to remove inorganic carbonates as follows.

The sediment was placed in a 50 mL plastic centrifuge tube and
2 mL of HCl was added. When effervescence stopped, a further drop
of HCl was added to see whether all carbonate had been removed.
This step was repeated until no further effervescence occurred.
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FIGURE 2. Alignment of the CSSI values for C16:0, C18.0 and C22.0 fatty acids with section depths in the top 70 cm of the sediment
core RAN S-9, allowed the deconstruction of the sediment at each depth into proportional contributions by landuse at that time.
The shadow graphs sum to 100 percent across the five landuse types. The timeline was constructed from historical data. (Redrawn

from Gibbs and Olsen, 2010).



SUESS EFFECT ON BIOMARKERS USED TO DETERMINE SEDIMENT PROVENANCE FROM LAND USE CHANGES 373

.KM\ 82

aKAH 56

TePunaR.. Vo KasA
N

el
RAN 5,18
Bag iz

L i Moturos s Ry W
[ RaNste oo e
B - o il
) 3 - y

KAH §-12
. -
KAH 5-13

KerikeriR.

NEw_;E}L.ANn . Kawakaw—;i' =
FIGURE 3. Site map of the Bay of Islands, New Zealand show-

ing the five river inflows and the location of the two sediment
cores (square boxes) used in this study. Red and green codes in
the bay are sediment core locations from two visits (from Swales
et al., 2010).

The acid mixture in the centrifuge tube was diluted to 50 mL with dis-
tilled water before centrifuging at 3000 rpm for 10 min. The super-
natant liquid was discarded and the sediment was rinsed with 10 mL
of distilled water and centrifuged. The rinse water was discarded and
the acidified sediment was dried at 50°C, and then reground to a fine
powder before being analysed for bulk §'3C and organic carbon (C)
on a continuous flow, isotope ratio mass spectrometer (CF-IRMS)
(Thermofinnigan Delta Plus).

The extraction and preparation of soil fatty acids used in the CSSI
technique is described in detail in Gibbs (2008 and 2010). In brief,
a 20 g aliquot from each dried sediment sample was extracted twice
in hot (100°C) dichloromethane solvent (DCM) at high pressure
(2000 psi) in an automated solvent extractor (Dionex ASE 200). After
drying, the fatty acids were converted to their non-polar fatty acid
methyl esters (FAME) by methylation using 5 percent BF3 in methanol
at 70°C for 20 min. The &'3C isotopic signature of each FAME from
each sediment section was determined by gas chromatography—-com-
bustion—isotope ratio mass spectroscopy (GC-C-IRMS).

Deconstruction of sediment into source soils

Contemporary sediment samples

The isotopic proportions of each landuse source soil contributing to
a surficial sediment sample were determined using reference library
samples in the mixing model “IsoSource” (Phillips and Gregg, 2003).
These isotopic proportions were converted to soil proportions using
the C content of the source soils in the sediment (Gibbs, 2008). Indi-
vidual river delta samples were used to define landuse sources from
each of the five river watersheds.

Historical sediment samples

To determine the landuse source soils contributing to the sediment
sections at different depths (ages) in the sediment cores using present
day reference library data, the age of the sediment section must be
determined to allow the CSSI values to be corrected for the Suess
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FIGURE 4. Time-series plot of the change (4) in §'3C abundance of
atmospheric CO; that has occurred since pre-industrial times (AD
1700), the zero line in this graph. The broken line is a 6th order
polynomial curve fitted through the data. (Redrawn using data
from Verburg, 2007 and papers therein)

effect. Dating was achieved using FRNs with excess 2'%Pb providing
date estimations for up to 150 year BP. This timeline was extended
back more than 2 500 year BP to around 640 BC using '*C dates
from the shell fragments in the core.

Suess effect

The Suess effect refers to the isotopic depletion of atmospheric
CO5 due to the admixing of isotopically depleted (18%.) CO, from
the burning of fossil fuels, i.e. coal. Since the beginning of the indus-
trial revolution in the 1700s, the §'3C value of atmospheric CO; has
decreased by around 2.2%. with the rate of that depletion increasing
in recent years (Figure 4).

Since plants use atmospheric CO, as a major C source, the §'3C
values of biomarkers in present day reference plants will be up
to 2.2%0 more depleted than those of the same biomarkers from
the past. As the Suess effect only began around AD 1700 (Figure 4),
all CSSI values from the core sections before that time were made
more isotopically depleted by 2.2%., i.e. they were corrected by
—2.2%o. The CSSl values from the core sections between AD 1700 and
present day were corrected by the isotopic depletion value. This value
was calculated from the 6™ order polynomial equation from Verburg
(2007), and adding the absolute 8'3C value (8.55%o) of present day
CO, (year 2012) as an offset to obtain the change (4) in the 8'3C
isotopic value for the year (Y) of the core section. Between 1700 and
present the CSSI values from the core were made more isotopically
depleted by the correction value:

Correction value = 8.55 + 7.7738118 x 10716 x Y® — 1.2222044
x 1071 x Y° +7.1612441 x 108 x Y4 - 2.1017147 x Y3 +
3.3316112 x 107" x Y2 = 273.715025 x Y + 91703.261

Note that the polynomial coefficients in this equation have been
rounded to seven decimal places. More precise coefficients to 14
decimal places can be obtained from the author of Verburg (2007).

RESULTS AND DISCUSSION

Erosion due to changes in landuse over time can be referenced to
present day erosion. Contemporary sediment from soil erosion in
the watershed will tend to deposit in the river delta before some is
redistributed into the bay (e.g. Figure 1). Consequently, surficial sedi-
ments from the river deltas provide the present day erosion data. For
changes in landuse effects on erosion, samples from different depths
in sediment cores will reflect the soil sources associated with erosion
events at the time that sediment layer was deposited.
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of sediment to the Bay of Islands from the six main soil sources
identified by the CSSI technique (Gibbs and Olsen, 2010) and
quantified using the flow and sediment load information from
Pritchard et al. (2010). The pasture (cattle) includes both dry stock
and dairy (redrawn from Gibbs and Olsen, 2010).

River delta sites

Surficial sediments collected from each of the five river deltas in
the Bay of Islands were deconstructed using the mixing model to
obtain the present day source proportions of terrigenous soil by lan-
duse (Gibbs and Olsen, 2010). Flow and sediment load information
from Pritchard et al. (2010) were used to convert these estimates to
total sediment yield by land use, discharging into the Bay of Island on
an annual basis (Figure 5).

These results show that most of the annual sediment load comes
from pasture used for beef and dairy farming (258 kt/yr) and pine
forest that has been clear-felled (95 kt/yr). Other pasture landuse
sources combined contribute about 50 kt/year, while native forest
and kanuka scrubland contribute a total of 24 kt/yr. Overall, more
than 70 percent of the present day soil deposited in the Bay of Islands
came from pasture sources.

Sediment cores

The sediment core from the Veronica Channel (RAN S-9) was taken
within the zone of influence of sediment inputs from the Waikare,
Kawakawa and Waitangi Rivers, and a 20 cm core from a depth of 30
m in the open bay (KAH S-20) was taken within the zone of sediment
accumulation for the whole bay. For core RAN $-9, the 21%b and '4C
data provided a historical timeline extending back 2500 years BP and
for core KAH S-20, 219Pb provide a timeline back to 1962 (Figure 6).
After applying the correction for the Suess effect to the CSSI values
from the depth-related sections from these sediment cores, it was
found that the major sources of sediment before 1944 were kauri
forest, nikau forest and bracken (Figure 6).

Core RAN S-9 shows that the major sources of land erosion
before humans arrived in New Zealand are consistent with what is
known of the region. The land was covered with native forest with
broadleaf forest on the flatter land, kauri forest on the drier hillsides
and nikau forest in the wetter valleys and alongside rivers. Bracken
is a coarse fern which rapidly colonizes bare ground such as would
be left after a landslide. With this region of New Zealand being sub-
jected to heavy rainfall and tropical storms, it is likely that the kauri
signature represents landslide events exposing subsoils to erosion and

FIGURE 6. Proportional contributions of terrigenous soil in sedi-
ment cores RAN S-9 and KAH S-20 based on CSSI values cor-
rected for the Suess effect. The markers for each landuse include
the standard deviation as the error term although in most sam-
ples the error bars are within the marker point. The X-axis is in
isotopic proportion with a range of 0 to 1 representing 0 percent
to 100 percent. The “Year” column represents the timeline date
for the depth down the core (cm). On the core RAN S-9 graph,
the red broken lines represent special historical events: P —

the arrival of the Polynesians around 1300 AD; E — European
settlement in 1814 AD; R — returned servicemen land allocation
after World War 2 in 1945.

the bracken signature represents further erosion of those slip faces
after the bracken had become established. The nikau forest signature
is likely to reflect erosion in the valleys associated with heavy rainfall
events. Broadleaf forest on relatively flat land would protect the soil
from direct impact of rainfall and only minimal erosion would occur
and was not detected above a threshold of 1 percent.

The arrival of the Polynesians around AD 1300 saw little change
in this erosion pattern and it was not until the arrival of the Euro-
pean settlers in 1814 that other landuse sources of soil erosion could
be detected i.e. the presence of European grasses and potatoes.
A dairy signature was also detected but the potato signature was
more consistent. Presumably this was because land had to be culti-
vated to grow potatoes exposing bare soil to erosion by the locally
heavy rainfall.

The continuing presence of the kauri forest signature is likely to
have been associated with the clearing of the hilly land exposing
historical subsoil horizons to erosion and the draining of swamps
where forest sediments had accumulated. After 1945, the kauri sig-
nature stopped. This is attributed to the allocation of land for farming
to servicemen returning from World War 2. That land was cleared
and planted in pasture grasses eliminating much of the subsoil ero-
sion. The occasional presence of strong dairy signatures between
1960 and the present day are likely to correspond with the erosion
of soil during flood events.

A citrus signature is consistent with the establishment kiwi fruit
orchards in the Bay of Islands in the late 1960s and 1970s. Large
areas of citrus orchard were removed leaving bare ground, which
would carry the citrus CSSI signature, while the kiwifruit plants
became established.

In core KAH S-20, the major terrigenous soil source components
were from pasture associated with dry stock (beef), dairy nikau for-
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est and citrus (Figure 6). Although the citrus signature was detected
in the late 1960s to 1970s, the CSSI signatures suggest that most
of the soil erosion from the Bay of Island watershed was from pas-
ture used for dry stock farming. This observation is consistent with
the contemporary sediment assessment from the river deltas (Figure
5) and indicates that the landuse practice causing this erosion has
persisted over a period of at least 50 yr.

CONCLUSIONS

While there are similarities between the interpretation of the landuse
sources of sediment with (Figure 6) and without (Figure 2) the Suess
effect correction, the use of the correction has allowed identification
of the causes of major soil erosion in the distant past and the effect of
more recent landuse changes on erosion patterns. The use of the cor-
rected CSSI values correctly identified the transition period between
citrus and kiwifruit orchards around 1970, which was missed using
the uncorrected CSSI values. The uncorrected CSSI values indicated
a high proportion of sediment from production forestry harvest. Soil
from this landuse was a minimal component of the total soil load
identified when using the corrected CSSI values, consistent with best
management practices to prevent soil entering permanent water-
ways during forest harvest. Using the Suess effect correction, both
sediment cores showed evidence of a recent (last ~50 yr) increase
in the amount of soil being eroded from pasture used for dry stock
beef was much larger than previously estimated without the correc-
tion. This proportional source contribution is consistent with the pro-
portion of the estimated annual mass load of sediment from this
landuse being discharged into the Bay of Islands, as determined from
the analysis of contemporary sediments from the river deltas. These
results confirm the need to apply a correction to the CSSI values for
the Suess effect when examining sediment source changes over time
using the CSSI technique.
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Microbial Assimilation of Atmospheric CO, to
Synthesize Organic Matter in Soils
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ABSTRACT

There are no reports on the activity and quantitative capacity of
microbial atmospheric carbon dioxide (COj) assimilation in ter-
restrial ecosystems, although such CO, assimilative microorgan-
isms are numerous and widespread. Both non-phototrophic and
phototrophic microbial CO, assimilations were investigated in two
sets of microcosms of eight selected soils in a closed, continuously
carbon-14 ('4C)-labelled CO, atmosphere chamber. A significant
amount of 'C-labelled CO, was incorporated into the microbial
biomass, accounting for between 0.12 percent and 0.59 percent of
the soil organic carbon (average 37.8 + 19.4 mg/kg after 80 d, CV
= 51.3 percent, n = 8) in the set exposed to artificial light (about
500 mmol-photons~m‘2~s'1 parabolic aluminized reflector light [PAR]),
whereas none was detected in the set in the dark condition. Hence,
soil phototrophic CO, assimilation represents a significant part of
microbial activity which cannot be ignored since it is estimated to
have an annual organic C assimilative capacity of 4.9-37.5 g-C/m.

Key words: microbial assimilation, atmospheric CO,, soil microor-
ganisms, '4C continuous labelling.

INTRODUCTION

The atmospheric concentration of carbon dioxide (CO;) has increased
from 280 parts per million by volume (ppmv) in 1750 to 367 ppmv
in 1999 and is currently increasing at the rate of 1.5 ppmv per year,
primarily due to the large consumption of fossil fuels since the indus-
trial revolution (IPCC, 2007). Terrestrial ecosystems were recognized
as a major sink of global CO, emissions. This leads to a wide interest
in carbon (C) cycling in terrestrial ecosystems and its potential to
mitigate rising atmospheric CO, concentrations (Lal, 2004; Hill et al.,
2006). Autotrophic microorganisms which have the ability to assimi-
late atmospheric CO, biologically are commonly present in aquatic
ecosystems (Stanley et al., 2003; Savage et al., 2010). Cannon et
al. (2001) showed that the cyanobacteria and chemoautotrophs in
oceans are responsible for about 40 percent of CO, removed from
the atmosphere annually. Such microorganisms are also widespread
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in terrestrial ecosystems, and significant atmospheric CO, fixation by
microorganisms has been observed in certain soil microenvironments
such as in the vicinity of legume nodules (Dong and Layzell, 2001) or
other niches with high hydrogen (H,) production (Stein et al., 2005).
Miltner et al. (2004) observed a constant CO, fixation in soil under
dark conditions. Besides the above mentioned special microenvi-
ronments, there is a critical gap in our knowledge of the microbial
atmospheric CO, assimilation potential in soils and their contribution
to global C balance. Therefore, our aim was to clarify the activity and
capacity of soil microbial assimilation of atmospheric CO, for the bet-
ter understanding of C cycling processes.

MATERIALS AND METHODS

Eight soils including four paddy soils under permanently flooded rice
cultivation (referred to as P1, P2, P3 and P4), one paddy soil under
flooded/drought rotation (P5), and three upland soils under vegetable
(V1) or cereal cultivation (U1 and U2) were selected as representatives
of the dominant types of cropping soils in the sub-tropical region of
China (Table 1). The sites of the soils had a mean annual temperature
about 16.8°C and an annual rainfall of about 1 400 mm. Soil cores
were collected from the upper layer (Ap, 0 cm) and coarse plant
residues removed. Site information and soil properties are shown in
Table 1.

Prior to use, soils P1, P2, P3 and P4 were adjusted to about
100 percent of field water holding capacity (FWHC), and the others
to 45 percent of FWHC with sterilized water. Two sets of micro-
cosms of the soils with four replicates were prepared by weighing
1.0 kg fresh soil (on an oven-dried basis) in a plastic container
(10 cm diameter and 22 ¢m height). One set, used as the control,
was covered with 0.7 cm thick dark plastic foam to ban light but
allow air flux through. The microcosms of the other set were per-
forated clear plastic sheets to eliminate duckweed growth. All soil
microcosms were placed in growth chambers (China Patent No.
ZL2006100197402). During the incubation period (80 d), artificial
light (about 500 mmol -photons-m2-s™ parabolic aluminized reflec-
tor light [PAR]) was provided between 8:00 am and 8:00 pm each
day. Temperature was set at 28-32°C in the illuminating period and
22°C in the dark period, and constant relative humidity at 80-90
percent. The '*C-labelled CO, was generated from a '*C-labelled
Na,COs solution (Irvine CA, USA) containing 1.6 x 10% mg-C/mL with
a radioactivity of 1.01 x 10° decays per min (DPM), by reaction with
HCl (2 M) in a plastic beaker placed inside the chamber. The CO,
concentration was controlled at 270-350 mL/L by regularly adjusting
with 14C-Na,COj3. The paddy soil pots were maintained in a continu-
ously flooded condition, and upland soil pots kept at a moisture level
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TABLE 1. Characteristics of the paddy and upland soils used in this study

Soils Cultivation systems Soil type gl/:)y Content g;ol /kg) pH (SOC TotalN ?rnnzskg)

g/kg)

P1 Double rice Ultisol 35 10.6 6.0 25.7 2.0 865

P2 Double rice Fluvisol 25 6.2 5.2 15.9 1.6 1223

P3 Double rice Fluvisol 1 7.2 4.7 14.8 1.6 638

P4 Double rice Ultisol 12 12.2 5.1 17.9 1.7 879

P5 Rice-oil seed rotation Ultisol 28 8.8 5.6 6.34 1.0 182

V1 Vegetable Fluvisol 34 11.9 6.0 16.9 1.9 373

U1 Maize Ultisol 42 10.3 4.6 9.07 1.2 152

u2 Maize-wheat Ultisol 44 11.5 5.2 5.63 0.8 178

Note: SOC and CEC indicate soil organic carbon and cation exchange capacity, respectively.

of 45 percent of FWHC by the addition of distilled water throughout
the incubation.

After labelling, samples were taken from each of the soil micro-
cosms for analyses of '4C-labelled microbial biomass C and organic
C assimilated from '“C-labelled CO, The 'C-labelled soil organic
C ("C-50C) was measured according to Wu and O’Donnell (1997).
The total amount of extractable microbial C (MBC) was determined
by the difference between K;SOy-extractable C in fumigated and
non-fumigated soil using k factor 0.45 (Wu et al., 1990). "*C-organic
C in the extractant was determined by liquid scintillation counting as
described above. Soil organic C and total N were determined by dry
combustion using an elemental analyzer (Vario MAX C/N, Elemen-
tar, Germany). Soil pH was determined in 1:2.5 (w:v) soil to H,0
ratio extracts. Soil clay content was determined using the pipette
method (Mduller and Hoper, 2004). Cation exchange capacity (CEC)
was measured using titration (Rhoades, 1982). Data were analysed
with SPSS 10.5 (SPSS Inc., Chicago, IL, USA) using one-way ANOVA
procedures and linear regression by the Pearson correlation method.

RESULTS AND DISCUSSION

The radioactivity in soils sampled from all of the covered microcosms
was scarcely detectable, and no organic C assimilation occurred in
any of the eight soils, whereas large quantities of '*C-SOC were
determined in the soil microcosms exposed to light for 12 h per day
(Figure 1A).

The significant positive relationship (r = 0.945, p = 0.0004)
between the amounts of '4C-SOC and "*C-MBC (Figure 2) revealed
directly that the phototrophic CO, assimilation is a microbially-
mediated process. To the best of our knowledge, this has been
demonstrated for the first time. However, Miltner et al. (2004) found
a significant transfer of '3C-labelled CO, into soil organic matter (1.3
pmol C/g soil after 61 days) in the dark. In a '*C-labelled CO, experi-
ment, these authors also discovered that a great deal of 14Clabelled
CO, was fixed, corresponding to 0.05 percent of the total organic C
in soils after six weeks' incubation; they suggested that this non-pho-
totrophic CO, fixation process was driven mainly by aerobic hetero-
trophic microorganisms (Miltner et al., 2005). The difference between
the present and earlier findings may be explained by the extremely
high (319 mg/g) SOC content in the soils and the addition of read-
ily available substrates (such as acetic acid) used in the earlier study,
both of which would stimulate the growth of aerobic heterotrophic
microorganisms. Thus, the significant non-phototrophic atmospheric
CO;, assimilation observed by Miltner et al. (2004 and 2005) is not
surprising. Obviously, based on the significant "#C-CO, assimilated

in the illuminated soils, it can be speculated that phototrophic CO,
assimilation is the dominant microbial CO, assimilation process and
that this was possibly and mainly driven by autotrophic microorgan-
isms (including photo- and chemo- autotrophic microbes) instead of
heterotrophic microorganisms, although further work is required to
highlight the relationship between the autotrophic microbial activity
and soil CO5 assimilative rate.

The amount of 'C-SOC (range 8.44-64.61 mg/kg, Figure 1A)
accounted for between 0.12 percent and 0.59 percent of SOC
(Figure 1C). Through further calculation (the global soil (0-1 m)
organic C stock is 2 300 Pg, of which about 30 percent is present
in the 0-20 cm soil layer), the capacity of soil microorganisms to
synthesize atmospheric CO, in a period of only 80 days is equivalent
globally to 0.83-4.07 Pg C. This clearly shows that autotrophic CO,
assimilation at the topsoil potentially made a significant contribution
to the C cycle. Carney et al. (2007) considered that C emission and
absorption in the terrestrial ecosystem in response to global atmos-
pheric change do not balance. Thus, the quantity of CO, emission
is always larger than that from CO, uptake. If correct, there is a
‘missing C sink’ of about 2-3 Pg-C/yr at the global scale (Karim,
Veizer and Barth, 2008). In this study, the calculated rate of organic
C assimilation was 1.12-8.57 mg C/m per hour (12-h light exposure).
It is estimated that the annual rate of microbial synthesis of organic C
is 4.9-37.5 g-Cm?, or 0.068-0.53 Pg globally, assuming a total ter-
restrial area of 140 000 000 km?. It may therefore be presumed that
part of the “missing C sink” is C sequestrated by soil organisms. This
work provides a new research direction for attempting to account
for “new and missing C sinks” in terrestrial ecosystems, although
the driving forces for the observed high amounts of CO, assimilated
at the soil surface are not clear, and require further study.

The amounts of 'C-MBC ranged from 1.55 to 10.36 mg/kg
(Figure 1B), and about 16.04 percent (CV = 22.6, n = 8) of assimi-
lated '4C was recovered as MBC after 80 d (data not shown). Rapid
incorporation of C produced into MBC proved that “new"” C derived
from recent assimilates was readily utilized by microorganisms in
paddy and upland soils. The "C in MBC may have had three fates:
a fraction released as CO, through respiration, another fraction
transformed to structural components of microorganisms and a third
entering the SOC as microbial. However, this study provided little
information about the accumulation of the “new” SOC derived from
assimilation at the soil interface.

Additionally, large variations in microbial CO, assimilative rate
were also observed across the soils tested in the present study, yet
the mechanism was not clear since soil types, management practices
and environmental conditions could influence the activity and popu-
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FIGURE 1. The amounts of '4C-labelled CO, incorporated into

soil organic carbon ('4C-SOC, A), microbial biomass (**C-MBC, B)
and the ratio of '#C-SOC to SOC (C) in soil exposed continuously
to "C-labelled CO; atmosphere and artificial light for 80 d. Bars
indicate the standard error of the mean (n = 4). Different lower-
case letters indicate significant differences among the soils at p
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Figure 1.

lation of microorganism associated with the C cycling process. Given
the influence of climate change, further studies on the functional
ecological implications of the abundance and composition of soil C
assimilative microorganisms and their adaptation to local habitats
and external interferences are warranted to clarify this microbial driv-
ing process.
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Cosmic-ray Soil Moisture Probe: A New
Technology to Manage African Dryland

Ecosystems

T.E. Franz"”, M. Zreda' and E.G. King2

ABSTRACT

An estimated 200 million rural smallholders practice livestock-based
or mixed livestock-crop-based agriculture in sub-Saharan Africa,
where levels of poverty and food insecurity are among the highest
in the world. Demographic, environmental, and climate changes
have led to diminishing supply of resources that is crippling dryland
productivity and increasing people’s vulnerability. There is a need for
research to develop, monitor, and evaluate strategies to cope with
diminishing resource availability and build resilient ecosystems. Reli-
able, long-term measurements of soil moisture are critically needed
for addressing productivity and food security in African drylands. We
propose that measurements of effective infiltration, plant available
water and deep drainage are sufficient metrics to understand dryland
ecosystem health and to assess and evaluate restoration strategies.
In this work, we evaluate the advantages and disadvantages of two
different measurement methods, the cosmic-ray neutron method
(as implemented in the COsmic-ray Soil Moisture Observing System
(COSMOS) and eddy covariance techniques, for long-term measure-
ments of African dryland water balance. We compare estimates of
ecosystem level daily evapotranspiration between the two meth-
ods over a six-month period at a site in central Kenya, and found
the cosmic-ray method to be more appropriate. The eddy covariance
data are smoother than the cosmic-ray measurements. However,
the cosmic-ray neutron probe method provides additional informa-
tion on the key variable, area-average soil moisture, allowing us to
partition rainwater into infiltration, runoff, evapotranspiration, and
deep drainage. In addition, cosmic-ray neutron probes are easier to
operate and maintain, more robust and less expensive than eddy
covariance towers, making them more appropriate for long-term
deployments.

Key words: soil moisture, evapotranspiration, cosmic-ray neutron
probe, agropastoralism, Africa, drylands.
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INTRODUCTION

Sixty percent of sub-Saharan Africa is pastoral or agropastoral land
(Reynolds et al., 2007). These arid, semi-arid and subhumid regions
are grassland to desert ecosystems and home to an estimated
200 million rural smallholders practising livestock-based or mixed
livestock-crop-based agriculture (Thornton et al., 2002; Robinson et
al., 2011). These regions have some of the highest levels of poverty
and food insecurity in the world (Thornton et al., 2002; Thomas
and Twyman 2005), and they are exceptionally vulnerable to climate
change. While projections of changes to mean annual precipitation
vary from region to region, models agree that across all African
drylands, rainfall will become less predictable, with shorter growing
seasons (Thornton et al., 2006), and more frequent and more severe
droughts (Sheffield and Wood, 2008). This is the setting for one of

Africa’s greatest agricultural development challenges — dryland pro-

ductivity and food security.

Of these pastoral/agropastoral areas approximately two-thirds are
drylands, where annual potential evapotranspiration exceeds rainfall
by 200 percent or more, and traditional smallholder agriculture relies
substantially or wholly on extensive livestock husbandry (Notenbaert
et al., 2009). This resilient production system has evolved and per-
sisted for millennia, and represents a highly adaptive relationship
between human livelihoods and the environmental stresses that
typify dryland environments. Tropical drylands experience not just
low amounts of rainfall, but high rainfall variability both in space
and time. Systems of mobile, flexible livestock herding over extensive
ranges allow smallholders to buffer themselves against the variable
environmental conditions at any single location, and to access key
natural resources that are distributed non unevenly across large
spatial scales (Niamir-Fuller, 1998). Smallholder livestock production
in drylands is not an isolated socioeconomic system, but influences
the national economies of all African nations with drylands. It is
a critical source of protein, nutrition, and commerce for both rural
and urban populations. For example, in Kenya, livestock contributed
50 percent to the national agricultural gross domestic production in
2004, and the proportional contribution continues to increase (Hesse
and MacGregor, 2006).

However the resource base for livestock production is shrinking
due to four compounding effects:

(i) Population growth: there are more lives depending on each ha
(Notenbaert et al., 2009).

(ii) Land conversion: usually to cropping, which leaves fewer ha avail-
able (Herrero et al., 2009), and may increase dependence on
groundwater supplies to meet the increased evapotranspiration
demand.
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(iii) Legacy of land degradation: today the same ha produces less for-
age (Dregne, 2002).

(iv) Increasingly unpredictable climate: this results in fewer productive
ha per year, and is expected to reduce viable pastoral areas by
20 percent in 40 years (Thornton et al., 2006; Falkenmark and
Rockstrom, 2008).

It is the diminishing supply of resources for livestock-based
agriculture that is crippling the system’s productivity and increasing
people’s vulnerability (Thornton et al.,, 2006; Andersson, Brogaard
and Olsson, 2011). Research is needed to proactively develop, moni-
tor, and evaluate strategies to cope with this ‘diminishing resource
syndrome’ in drylands.

Mitigation of the diminishing resource has typically fallen into two
strategies: (i) do business as usual but search for more efficient and
productive methods, or (ii) change to a new system. The first strategy
falls in the sphere of range management. While managing livestock
is an important issue, restoring the ecological functioning and pro-
ductivity of the landscape is going to be an essential component to
curtail the diminishing resource syndrome. However with increasing
populations on limited lands, in many areas the demand for food
is unlikely to be met by livestock management alone. The second
strategy is one that many pastoralists all over Africa are now resorting
to: trying to grow crops where traditionally they have only raised live-
stock. Depending on the context, this could increase vulnerability and
food insecurity rather than reduce it. There is a need to understand
these systems to find out where each of the two coping strategies or
combination of the two strategies is most appropriate.

Dryland productivity is driven predominantly by landscape water
balance, or the partitioning of incoming rainfall into different path-
ways in the ecosystem (runoff, groundwater recharge, evaporation,
or transpiration). The more water that infiltrates the soil and is taken
up by plants and transpired, the more plant productivity a landscape
can yield. The more rainfall that is lost to runoff or evaporation direct-
ly from the soil, the smaller the proportion of soil moisture for plant
growth. And importantly, the productivity of a landscape feeds back
to affect the water balance in subsequent rainfall events (Ludwig
et al., 2005). Thus, as dryland vegetation degrades, the capacity of
the landscape to capture and convert rainfall into productive growth
also declines (Kefi et al., 2007).

Directly improving plant water use efficiency could be a target
for enhancing productivity, but in landscapes where degradation
has impaired water balance, the system is still inexorably dependent
on ecohydrological constraints on the supply of water available to
plants. Addressing this abiotic component of the system is necessary
to reinstate water—soil-vegetation feedbacks, so the system can once
again sustain productivity (King and Whisenant, 2009). Increasing
supply-side dynamics of water availability is the basis of the current
‘Blue Revolution’ in agricultural research. Here water conservation
practices deliver ‘more crop per drop’, by enhancing water use
efficiency, or the amount of productivity gained per unit of water
consumed. The FAO promotes conservation agriculture with three
principles: minimal soil disturbance, permanent soil cover and crop
rotations (http://www.fao.org/ag/ca/; accessed on 1 August 2012).
This approach has been shown to be successful in Tanzanian drylands
(Owenya et al., 2012).

This concept can also be applied to rangelands. Instead of
targeting water use efficiency at the scale of single crop plants or
agricultural fields, the approach is aimed at the scale of land tracts of
a perennial ecosystem (several ha). However, at this scale additional
complication is introduced, namely, spatiotemporal heterogeneity of
resources. Two hallmark traits of drylands are its patchy structure and
the variable, pulse-like arrival of the key limiting resource, water. Their

interactions hold the key to understanding and restoring ecosystem
function (Ryan, Ludwig and McAlpine, 2007; King et al., 2012).

Historically, the measurement of soil water dynamics at this field
scale has been notoriously difficult given the inherent limitations of
direct and indirect sampling methods (Robinson et al.,, 2008). An
alternative measurement technique that uses eddy covariance towers
(Stull, 1988) provides information on the water, energy, and carbon
balances of ecosystems, integrated over the tower's “footprint”
area, with a diameter of approximately 30 times the tower height.
For example, Fluxnet is a global network of more than 400 eddy
covariance towers that has operated since the 1980's (Baldocchi et
al., 2001), but with fewer than 20 stations in Africa, the continent is
under-represented. However, flux towers provide little or no informa-
tion about plant available water at the footprint scale, thus limiting
our ability to fully understand the soil-atmosphere coupling (Senevi-
ratne et al.,, 2010) or partitioning of the water into its individual
components.

The recent advent of the cosmic-ray neutron probe (Zreda et al.,
2008) has opened the door for measurements of near surface soil
moisture at the landscape scale (Franz et al., 2012). Here, the cosmic-
ray moisture probe (Zreda et al., 2008) is used to derive key variable
needed for monitoring of agropastoral systems. We first summarize
the cosmic-ray neutron probe method and COsmic-ray Soil Moisture
Observing System (COSMOS) (Zreda et al., 2012). Next, estimates of
daily soil water flux derived from cosmic-ray neutron measurements
are compared with a collocated eddy covariance tower in a central
Kenyan dryland. Finally, some key points for consideration are identi-
fied for the establishment of a cosmic-ray neutron probe monitoring
network in African drylands to address the critical issues of productiv-
ity and food security.

MATERIALS AND METHODS

Cosmic-ray neutron probe method

The inverse relationship between soil moisture and the intensity of
cosmic-ray fast neutrons above the surface has been known for sev-
eral decades (Hendrick and Edge, 1966). The removal of neutrons is
dominated by neutron collisions with hydrogen atoms. Hydrogen has
an extraordinarily high neutron stopping power due to a combination
of its high neutron scattering cross-section and the high fractional
energy loss per collision and low atomic mass (Zreda et al., 2008 and
2012). Hydrogen's stopping power is an order of magnitude greater
than any other element, making hydrogen the dominant factor in
controlling neutron intensity (Zreda et al., 2012).

Using a moderated neutron detector placed above the surface
(Figure 1), Zreda et al. (2008) found that differences in the relative
count rate of fast neutrons (~10-100 eV) in air above land surface
are related to the average amount of soil water present. Desilets
et al. (2010) found the following calibration function between soil
moisture, (m3/m), and fast neutron counts:

0.0808
o) =

- 0115 (1)
(N/N,) - 0.372

where N is the neutron counting rate normalized to a reference
atmospheric pressure and solar activity level (Zreda et al., 2012), Ny is
the counting rate over dry soil under the same reference conditions,
and the three coefficients were determined using a neutron particle
transport code, MCNPx (Pelowitz, 2005) for pure silica sand (SiO5).
The calibration parameter Ny can be estimated at the probe site using
volumetric soil moisture around the footprint (c.f. Zreda et al., 2012).

Because the sensor gives an average neutron count over a circle
with a radius of ~335 m (Zreda et al, 2008), and the sensitivity
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FIGURE 1. A cosmic-ray neutron probe (CRS 1000, Hydroinnova
LLC, Albuquerque, NM, USA) installed at the Santa Rita Experi-
mental Range site, located in southern Arizona, USA.

decreases with the distance from the probe, soil sampling at 18
locations (every 60° and at radii of 25, 75 and 200 m) gives a repre-
sentative estimate of the mean water content over the footprint. Fast
neutrons mix rapidly above the surface (velocities >10 km/s (Glass-
tone and Edlund, 1952), indicating that horizontal soil moisture het-
erogeneity likely plays a minor role in the average footprint neutron
count. In contrast to the horizontal footprint that is independent of
soil moisture content, the vertical depth of measurement of the sen-
sor does vary with soil water content ranging between ~10 cm and
70 cm for wet and dry conditions, respectively (Zreda et al., 2008).
With a single or repeated calibrations at a site, Franz et al. (2012)
found that sampling every 5 cm to a depth of 30 cm is adequate to
accurately describe the average soil water content in the profile and
thus estimate N with an average RMSE of < 0.02 m/m?3

COsmic-ray Soil Moisture Observing System
The COsmic-ray Soil Moisture Observing System (COSMQOS) is a new
national network in the continental USA designed for improving
hydro-meteorological forecasting (Zreda et al. 2012, data available
at http://cosmos.hwr.arizona.edu/) by providing real-time estimates
of soil moisture (Figure 2). Beginning in 2009, 50 cosmic-ray neutron
probes were deployed to provide hourly estimates of soil moisture.
The cosmic-ray neutron probes have been designed to be rugged,
energy-efficient and independently powered using solar cells, and
they are equipped with a satellite data modem for reliable transmis-
sion of data from any place on the globe. A data success rate of over
90 percent has been achieved from the COSMOS probes in the con-
tinental USA and from affiliated probes in five other continents.

As part of the COSMOS project, all data are collected, pro-
cessed, and checked for basic quality assurance and quality control
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FIGURE 2. Location and status of COSMOS probes in the continen-
tal USA on 9 August 2012 (http://cosmos.hwr.arizona.edu/Probes/
probemap.php). Raw and processed data from individual sites are
publicly available in real time.

in real-time, and then posted on the COSMOS web site. Currently,
the measured neutron intensities are corrected for variations in geo-
magnetic latitude and local atmospheric pressure changes (Zreda
et al., 2012). In the near future, new corrections will be added to
account for variations in lattice water, atmospheric water vapour and
vegetation. Additional details about the cosmic-ray neutron probe
method and the COSMOS project are in Zreda et al. (2012) and on-
line (http://cosmos.hwr.arizona.edu/).

Instrumentation for water balance measurements in central

Kenya
Beginning in September 2011, a cosmic-ray neutron probe was
installed at a study site, referred to herein as Mpala North, in central
Kenya, where a 20 m tall eddy covariance tower has been operating
since 2009 (Caylor, unpublished data). The site is in the upper Ewaso
Ngiro river basin of the central Kenyan highlands (36°54'E, 0°20'N).
It is characterized as semi-arid woodland or shrubland, receiving
450-500 mm/yr of rainfall, typically arriving in two rainy seasons,
April-May and November—-December (Franz, Caylor and Nordbotten,
2010). The vegetation has 10-25 percent woody canopy cover, domi-
nated by mixed Acacia species. The herbaceous layer has perennial
and annual grasses, as well as a diversity of forbs and succulents, with
1-10 m bare patches with no perennial grass and sparse annual veg-
etation (Figure 3). Under current land use practices, average standing
biomass is typically estimated to be 450-700 kg/ha (CNRIT, 2011).
The site is located on the Mpala Research Centre Conservancy
(MRCC), a 20 000 ha ranch that has been used for commercial cattle
production for the last century, and since 1998 has been managed
as a wildlife and research conservancy while maintaining a moderate
cattle herd (one tropical livestock unit (TLU) per 10 ha). Wildlife is
abundant: elephant, giraffe, zebra, buffalo, impala, dik-dik, baboons,
hyenas are common. The site is within three km of the Ewaso Ngiro
River, which serves as the boundary between MRCC and communal-
ly-owned lands utilized and inhabited by Laikipia Maasai pastoral-
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FIGURE 3. Vegetation composition and cover in central Kenya.
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FIGURE 4. Daily soil moisture, effective sensor depth, and rainfall
from the Mpala North study site in central Kenya.

ists. The communal areas have similar physiognomy and rainfall to
the MRCC site, higher livestock stocking rates (one TLU per three
ha), reduced wildlife densities, and decreased herbaceous vegetation
cover (5-50 percent less, varying with year and season (King, unpub-
lished data). While land use is predominantly for livestock production,
a limited number of community members began small-scale maize
cropping along the river in 2011. In future work, the Mpala North site
and adjacent community lands will be studied to compare landscape

scale water balance and ecosystem function between the land use
systems.

RESULTS

The daily time series of neutron-derived soil moisture, effec-
tive sensor depth, and rainfall from the study site (Figure 4) show
the response of soil moisture to rain events. Using the time series of
soil moisture data, the daily flux of water into and out of the control
volume were computed (Figure 5). The positive values indicate infil-
tration of rainwater into the soil and negative values indicate losses
of water to evapotranspiration (ET) and vertical leakage (L). Small
positive anomalies in the dataset not correlated to rain events are
due to uncertainty in either the neutron count statistics or rainfall
record. To compare different measurement techniques, the daily ET
values derived from the cosmic-ray neutron probe and the daily aver-
age latent energy from the eddy covariance tower are considered
(Figure 6). Despite the differences in the measurement techniques
and horizontal and vertical scales of measurements, the two time
series agree reasonably well over the six-month study period. Because
the cosmic-ray derived ET also contains L, the values are higher than
those derived from eddy covariance, which only estimate ET. Using
additional information about the soil and vegetation, a soil water
balance model can be used to separate the ET and L components
from the integrated signal, for example using methods described in
Rodriguez-Iturbe and Porporato (2004).

DISCUSSION

Comparison of the daily water fluxes indicates a general agree-
ment between the methods, but eddy covariance derived values are
smoother than those derived from the cosmic-ray neutron measure-
ments. Given the different information obtained from each instru-
ment, the complimentary measurements from eddy covariance and
cosmic-ray instruments are preferable to understand how these eco-
systems function. However, limited research budgets and unfavour-
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FIGURE 5. Estimates of daily soil water flux into and out of
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FIGURE 6. Comparison of landscape scale fluxes derived from
the co-located cosmic-ray neutron probe and eddy covariance
tower.

able site characteristics often restrict the total possible investment,
and only one of the two instruments may be feasible. Three key
differences between the measurement methods make the cosmic-ray
neutron probes more suitable for monitoring and assessing the long-
term ecosystem health and function of African drylands.

First, as described in the introduction, the key factor governing
these dryland ecosystems is the partitioning of rainfall into run-
off, infiltration, evapotranspiration, and deep drainage. Whereas
the eddy covariance method provides measurements of the water,
energy and carbon balances, they do not provide information on
the soil water — the key variable. Knowing soil water is crucial
because in order to estimate the various water fluxes in and out of
the soil column, parameters and boundary conditions are needed
that describe the physics of unsaturated water flow through porous
media (Dingman, 2002). Point sensors are often used to measure soil
moisture, but their small support volumes (~10 cm?3) result in meas-
urements that are not representative of the footprint scale (~1 km?)
because of small-scale heterogeneities within the footprint (Robinson
et al., 2008). Thus, comparisons between land surface fluxes from
eddy covariance towers and soil moisture dynamics based on point
measurements may be unreliable. Because cosmic-ray neutrons pro-
vide area-average soil moisture (Franz et al., 2012; Zreda et al., 2012),
effective (area-average) parameters could be derived for controlling
the flow of water through porous media and thus partition rainfall
into infiltration, runoff, evapotranspiration, and deep drainage at
the landscape scale. For rangelands, the amount of rainfall infiltrating
into the soil is the key metric to find out how the ecosystem is func-
tioning under different land uses or to evaluate effective restoration
strategies (King et al., 2012). In addition, estimates of available water
will be one critical piece to decide what vegetation is best suited to
a particular ecosystem. Moreover, the water demand of various crops
can be calculated for certain climates and compared to the estimate
of available water in that ecosystem. In that regard, the amount of
extra water needed from surface or ground water sources can be esti-

mated, providing crucial information to stakeholders about the fea-
sibility and environmental impact of the proposed land use change.

Second, from operational and maintenance standpoints the cos-
mic-ray neutron probes are easier to install, calibrate, and less
expensive to purchase and maintain than eddy covariance towers.
The cosmic-ray sensor contains a gas-filled tube, high voltage power
source, data logger, 40 Ahr battery, 60 W solar panel, and satellite
modem. This is simple when compared with the dozens of instru-
ments required for an eddy covariance tower. In terms of mainte-
nance, the major concerns are keeping the cosmic-ray probe battery
charged and relative humidity inside the instrument box low. In terms
of calibration, and as with most instruments, repeated calibrations
are preferred and will ensure the highest quality of data, but a single
calibration is adequate because of the long-term stability of the Ny
parameter (Franz et al., 2012). In contrast, eddy covariance towers
require yearly calibrations of the individual instruments and a full-
time technician to maintain performance. Eddy covariance towers
operate best with AC power but can be supported with several solar
panels and battery banks. In terms of data, the cosmic-ray probe
was designed to send a minimal amount data (ambient pressure,
temperature, humidity, voltage, neutron count), or approximately
10 bytes of raw data, per transmission (usually every hour). Eddy
covariance towers make measurements many times per sec in order
to quantify the departures from the mean and accurately estimate
the half-hourly averages. In addition, eddy covariance data require
a significant amount of post-processing time and skilled personnel
for high quality datasets (Stull, 1988).

Third, the costs of the two instruments are different. Principal
investment of eddy covariance tower equipment is approximately
US$100 000 with additional costs for maintenance, data transfer,
data processing, and skilled onsite personnel. In contrast, cosmic-ray
neutron probes cost approximately US$20 000 and require substan-
tially less maintenance, data transmission cost and processing, and do
not require permanent personnel on site.

CONCLUSIONS

Measurements of effective infiltration, plant available water, and
deep drainage are sufficient metrics to understand ecosystem health
and function in African drylands. This information is critical for stake-
holders who wish to increase productivity and food security in their
ecosystems. In addition, these data will provide useful landscape
water metrics to assess and evaluate different land use and restora-
tion strategies in drylands. Given the advantages and disadvantages
of each measurement method described above, we find the cosmic-
ray neutron method is more appropriate than the eddy covariance
technique for environmental monitoring in African drylands. Most
importantly, the cosmic-ray neutron probe method provides informa-
tion on the area-average soil moisture — the key variable — allowing
partitioning rainwater into infiltration, runoff, evapotranspiration,
and deep drainage. Cosmic-ray neutron probes were designed to be
robust, have low power consumption, low maintenance and high
data reliability making them superior for long-term deployment in
remote ecosystems. It is suggested that reliable long-term measure-
ments of soil moisture constitute the critical information needed for
addressing productivity and food security in African drylands.
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Large Area Soil Moisture Measurement Using
Cosmic Rays Neutrons: The Australian CosmOz

Network

C.J. Smith1'*, A. Hawdonz, R. Keen? and J. Wallace?

ABSTRACT

Field measurement of soil moisture is undertaken traditionally using
point based measurement techniques such as neutron probes or
time domain reflectrometry (TDR). Recently, a new technique has
been developed that can be used to derive soil moisture at larger
spatial scales by measuring neutrons that are generated by cosmic
rays within the air and soil, and emitted back into the atmosphere.
A study by Hendrick and Edge (1966) in the mid 1960s showed that
the intensity of the fast neutrons above the ground varied with soil
moisture content. The intensity of the neutron is mainly moderated
by hydrogen ions located in the water and soil, and the density is
inversely correlated with soil moisture. To soil scientists and hydrolo-
gists, this has opened up the possibility of measuring surface soil
moisture automatically over an area of ~40 ha to a depth of ~0.5 m.
The technique has the potential to fill the gap between point scale
measurements (neutron probe or TDR) and soil moisture estimated
using earth observation techniques (remote sensing). In Australia, 11
probes have been deployed across a range of agro-ecological zones
to demonstrate the potential for larger scale soil moisture monitoring.

Key words: soil water, cosmic rays neutrons, cosmQOz, neutrons.

INTRODUCTION

Ground-based soil moisture (8s) measurements have been used in
a wide variety of applications including agriculture, hydrology, mete-
orology and in the calibration of satellites that can sense surface
moisture remotely. Although highly valuable, most ground-based
measurements of 6, are made at a “point” (<1 dm?) scale. The meth-
ods used vary from core samples (gravimetric or volumetric), TDR
or capacitance probes or neutron probes. These measurements are
at the point scale and it is therefore often difficult to obtain a suf-
ficient number of 65 values to capture the heterogeneity present in
many landscapes. Quantifying the spatial variability in 85 presents
significant challenges and may preclude meaningful determination
of temporal changes in soil water content.

Recently, Zreda et al. (2008) developed a technique to derive soil
moisture estimates by measuring neutrons produced by cosmic rays.

1 CSIRO Land and Water, Christian Laboratory, Black Mountain, Canberra, ACT,
Australia

2 CSIRO Land and Water, Australian Tropical Science and Innovation Precinct,
James Cook University, Townsville, 4811, Queensland, Australia

*  E-mail address of corresponding author: chris.j.smith @csiro.au

The method is based on the early observation by Hendrick and Edge
(1966) showing the intensity of fast neutrons (energy 10 eV — 1000
eV) above the land surface was related inversely to the soil water
content. Hydrologists and soil scientists have rediscovered this find-
ing with the development of the cosmic rays technique. It opens up
the possibility of measuring surface soil moisture automatically over
an area of ~40 ha (Zreda et al., 2012). In summary, the sensor works
by counting “fast” neutrons that are generated by cosmic rays as
they pass through the Earth’s atmosphere. At the land surface these
neutrons are moderated by water molecules, and their count rate is
predominantly a function of the water content of the soil.

METHOD

Details of the cosmic ray probe are given by Zreda et al. (2008, 2012)
and Desilets, Zreda and Ferré, (2010). The theory behind the tech-
nique for measuring average soil moisture is given in Zreda et al.
(2012). By placing the neutron detector above the ground surface,
average soil water measurements can be made over horizontal foot-
print of hectares (ha), and to a soil depth of decimetres (dm). Figure
1a shows the typical installation of the sensor in Australia where
the sensor is mounted above the soil surface. The mean free path
of the fast neutrons is around 100 m, and therefore the sensor can
detect neutrons from several hundred m away (Zreda et al., 2008;
Desilets, Zreda and Ferré, 2010). The depth to which the sensor can
detect 65 is dependent on the soil water content and is ~10 cm in wet
soil and up to ~50 cm in dry soil (Franz et al., 2012a).

In 2010, CSIRO was the first organization in Australia to order
11 commercially available custom-designed cosmic ray soil moisture
probes (CRS-1000, Hydroinnova, Albuguerque, NM, US). Together
with university collaborators, these 11 sensors were deployed to
form the CosmOz network (http://cosmos.hwr.arizona.edu /Probes/
australia.php). It serves as a prototype Australian network of CRS-
1000 probes designed to support sensor evaluation, research and
the development of new sensor applications. The current network
of 11 probes is deployed across the country in a range of soil types,
vegetation cover and climates (Figure 1b).

RESULTS AND DISCUSSION

Experience to date has shown that the CRS-1000 probe needs to be
calibrated for the local soil type to obtain accurate absolute (volume
percent) values of 6. As the probe measures 65 over such a large
area, this is done by taking a large number (72) of gravimetric soil
samples at distances up to 200 m from the probe (Franz et al., 2013).
Once this calibration has been carried out, daily 85 changes can be
detected with an accuracy of ~0.02 percent. An example of the soil

L.K. Heng, K. Sakadevan, G. Dercon and M.L. Nguyen (eds), Proceedings — International Symposium on Managing Soils for Food Security and
Climate Change Adaptation and Mitigation. Food and Agriculture Organization of the United Nations, Rome, 2014: 387-390
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moisture data recorded by the CRS-1000 probe at a dry tropical site
is shown in Figure 2. Over the wet season (December to April) fre-
guent rain events raise the soil moisture content to near saturation
(~40 percent) and these wetting events are followed by a period of
soil drying (Figure 2). From April onwards there is little further rain
and the CRS-1000 probe shows how the site dries progressively over
the following months, dropping to ~10 percent by September. Figure
2 also shows the surface (0-30 cm) moisture content recorded by
three conventional time-domain reflectometry (TDR) soil moisture
probes. Although this is the average of only three point measure-
ments, there is strong temporal coincidence between the TDR and
CRS-1 000 time series. The CRS-1 000 soil moisture estimation
equation was calibrated to the gravimetric calibration measurements
made in February 2011 (Figure 2), but the second gravimetric sam-

ple in September provides an independent check of the CRS-1000
estimates.

There is significantly more variation in the soil moisture measured
with the CRS-1000 probe as evidenced by the scatter in points and
variation in the blue line. Less variation in water content is visible
in the TDR data, because it is measuring over different depths in
the soil. This is more obvious at the irrigated site (Figure 3), where
there is a sharp increase in soil moisture in the surface 0.05 m shown
in the TDR trace. This amplitude of the increase in 8 is dampened in
the CRS-1000 trace, showing that it is measuring the average water
content over a different depth (volume) of soil, shown by the higher
water content being measured with the TDR traces. These results are
consistent with those reported in the literature (Franz et al., 2012b).
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The cosmic ray method for determining soil moisture content
has some limitations. One limitation is the detection of hydrogen (H)
atoms in other forms beside the soil water. For example, H can be
found in the plants growing on the soil, in gypsiferous soils associ-
ated with the hydration of the calcium sulphate (CaS042H,0) and
the clay minerals that make up the soil (Schulze, 2002). Similarly,
surface and/or flood water is measured as evidenced by the large
increase in volumetric water content following 180 mm of rain at
Griffith (Figure 3). If the hydrogen content is constant, as would be
the case for clay minerals, its effect can be accounted for in the cali-
bration and therefore largely becomes irrelevant. As with the neutron
probe, if the calibration is done on pore and lattice water, the effect
of the lattice water is handled in the calibration of the probe. How-
ever, the presence of lattice water must reduce the depth of measure-
ment, and the effect will be most obvious in dry soil. If the hydrogen
concentration varies with time as in the case with vegetation, it will
become an unknown that may need to be determined to accurately
guantify soil moisture content.

The depth of measurement depends on the water content and
the amount of lattice water. Hydrogen in soil water or lattice water
reduces the intensity of neutrons and the depth of measurement in
the soil. That is, average soil water is measured to a greater depth
in dry soils and to shallower depth in water or flooded soil. Recently,
Franz et al. (2012a) presented the following equation to correct for
soil lattice water:

;e 5.8
Doy T+ 0 +0.0829

where z* is effective depth of the CRS probe (cm); ppq is soil dry
bulk density (g/cm3); T is weight fraction of lattice water in the min-
eral grains and bound water defined as the amount of water released
at 1 000°C preceded by drying at 105°C (g water per g dry minerals,
herein known as lattice water); and 6 is volumetric pore water con-
tent (m3/m3). This effect is constant for any given soil and thus can
be handled in the calibration.

Desilets and Zreda (2013) reported that the footprint of
the CRS-1000 probe is inversely proportional to air density, and
related linearly to the height of the sensor above the ground, up
to a height of 125 m. There is no further impact as the height is
increased. Soil moisture content has a small impact on the foot
print, whereas atmospheric humidity has significant impact; reduc-
ing the foot print by 40 m for every 0.01 kg/kg increase in specific

humidity. When quantifying 6s, the effect of changes in atmospheric
pressure (Rivera Villarreyes, Baroni and Oswald, 2011), incoming
cosmic ray intensity (Zreda et al, 2012) and atmospheric water
vapour (Franz et al., 2012a; Zreda et al., 2012; Rosolem et al., 2013)
on neutron counts needs to be accounted for. Other corrections are
outlined by Zreda et al. (2012).

The probe measures average soil moisture across a large spatial
area and consequently, the site needs to be relatively uniform. Com-
plex sites that have many different land uses would present a prob-
lem because the average water content of the different systems
would be measured. Rivera Villarreyes, Baroni and Oswald, (2013)
data highlights this effect as they found the calibration of the CRS-
1000 probe to vary during the growing season of sunflower and
winter rye. Although the neutron density was corrected for humid-
ity, pressure, and lattice water, the CRS-1000 probe determined
that the soil water content varied throughout the growing season.
This probably reflects the change in the plant biomass that affects
the determination of soil moisture content. The biomass of annual
crops were found to change dramatically throughout the growing
season and the relative water content in the above-ground vegeta-
tion ranged from 98 percent in young plant material (tillering) to 40
percent in mature plants (Teulat et al., 1997). Although the relative
water content was high at tillering, the mass of water (expressed on
an area basis) in the biomass was low at the early stages of growth
and increased significantly until maximum biomass was achieved,
and then declined during maturation. For example, if there is a cereal
biomass of 10 tons (t) per ha (dry weight), then it is likely to contain
15 t ha of water in the above-ground fresh material. For the pur-
pose of comparison, a soil that has a 0.2 volumetric water content
contains 200 t of water per ha in the surface 0.1 m. Thus water in
the crop vegetation represents about 7 percent of the amount in
the top 0.1 m of soil. Based on current knowledge and predictive
capability of crop biomass using models such as the Agricultural Pro-
duction Systems Simulator (APSIM), it should be possible to develop
an algorithm that will correct for water in the biomass.

Because the CRS-1000 probe measures soil moisture content
to different depths depending on the wetness of the soil, accurate
estimates are difficult to obtain in shrink-swell soils (for example,
Vertisol soils; Figure 4). When the soil is wet, the surface increases
and at the same time, depth of measurement with the CRS-1000
probe would be reduced. When the soil is dry, the soil retracts
(shrinks), the surface contracts and the depth of measurement with
the CRS-1000 probe would increase. Although not tested, this could
be solved by combining measurements with the CRS-1000 probe and
the neutron probe, and using a water balance model coupled with
model data fusion to integrate to a depth where there is zero change
(Ringrose-Voase et al., 2003).
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FIGURE 4. Conceptual diagram of the change in the soil surface
of a Vertisol under wet and dry conditions.
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Early results from the CosmOz network suggest that the CRS-
1000 probe is capable of measuring near-surface soil moisture con-
tent in a range of soils and climates. The probe’s large area sample
creates potential uses for applications such as agricultural moisture
availability monitoring and catchment scale rainfall-runoff forecasting
in environments where antecedent soil moisture influences runoff
generation. It may also have potential applications in weather mod-
elling as well as short-term stream flow forecasting, where direct
assimilation of ground measured soil moisture can improve forecast-
ing. The larger scale of observation also means that the observations
have applications in evaluating landscape-scale mean soil moisture
estimates, for example those derived from models or from satellite
remote sensing observations.

CONCLUSIONS

Results from the CosmOz network and published literature, confirm
that the probes are capable of measuring near-surface soil moisture
content in a large scale and in a range of soils and climates. They
have the potential for use in: (i) agriculture, (i) catchment-scale
rainfall run off forecasting in environments where antecedent soil
moisture influences runoff generation — however, this needs to be
further tested to establish whether there are significant improve-
ments in the predictions over the established methods, (iii) water bal-
ance assessments, and (iv) validation of soil water content obtained
through remote sensing.

The large scale of observation also means that the observations
have application in evaluating landscape-scale mean soil moisture
estimates. The potential for data/model fusion (i.e. soil water bal-
ance coupled with vegetation and land-surface modelling) is exciting
although there are some factors that need to be considered when
using the probe. A key requirement is the selection of the site so
that it matches the foot print of the probe (600 m). This needs to
be of uniform land use and relatively uniform soils, as the probe
measures average water content over this larger area. Calibration
of the probe needs careful attention to include the effect of water
stored in the vegetation and soil lattice water. The depth of measure-
ment changes with water content. A cosmic ray probe has significant
potential to quantify the average water content across a large area,
but this needs to be validated with further research covering a range
of soil types, including shrink-swell soil, differing hydrological regimes
and different land-uses. Water in vegetation, especially for growing
crops, needs to be quantified, and methods to correct for this effect
are being developed.
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Assessing Essential and Toxic Elements in Rabbit
Manure and Rock Phosphate Fertilizers Using
Nuclear Techniques: A Contribution to Managing
Nutrient Resources for Improved Small-Stock/

Crop Integration

A.C. Avelar 1'2'*, W.M. Ferreira' and M.A.B.C. Menezes?

ABSTRACT

Industrial phosphate fertilizers are currently the major source of
phosphorus for agricultural activities. Many authors maintain that
the addition of organic amendments such as manure can ameliorate
disturbed soils by improving some characteristics including the avail-
able phosphorus (P) in the soil. Furthermore, these products may
provide macro elements such as nitrogen (N) and calcium, essential
microelements and toxic contaminants. This study deals with ura-
nium content in rabbit manure and six most common phosphates
applied in Brazil. Results are compared with values from four other
phosphates mined around the world. The nuclear analytical method
applied was the delayed neutron technigue (DNT) which is a highly
precise, affordable, fast (short turnaround) instrumental technique.
Three phosphates had uranium content above 145 ug/g, while rabbit
manure, a high N, P and potassium (K) organic amendment contains
only 2.7 pg/g of uranium. Additionally, neutron activation analysis,
a sensitive multi-elemental nuclear analytical technique was used to
identify essential and toxic elements in the rabbit manure and a rock
phosphate, one of most inexpensive and popular fertilizers available
in the Brazilian market. Results for arsenic, barium, bromine, cobalt,
chromium, fluorine, iron, sodium, thallium, zinc and K are presented
in order to help decision-making concerning strategies for fertilizer-
soil-crop management that are both agronomically and environ-
mentally viable. High contents of some toxic elements demonstrate
the need to evaluate deposition of contaminants released by fertiliz-
ers on farmland, the wider environment and the entire food chain.

Key words: rock phosphate, rabbit manure, delayed neutron
technique, neutron activation, uranium, zinc, arsenic.
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INTRODUCTION

The UN Food and Agriculture Organization (FAO, 2006) recognizes
that small farmers play a critical role in improving food security in
the 21%t century. If well managed, peri-urban and rural small-scale
horticulture and small stock rearing and marketing could provide
fresh food commodities and nutrients for a significant section of low-
income populations, as well as offering a means of self-employment
and income generation.

Tropical soils, a feature of some Brazilian farmland, are one
impediment to realizing the full potential of small-scale farming, since
they usually possess limited phosphorus (P) reserves and have a high
absorbing capacity, properties that are not suitable for horticulture.
Indeed, P deficiency in crops is an important constraint to plant and
animal yields, especially in the hot and humid tropics where soils are
predominantly acidic and often extremely P deficient with high P fixa-
tion capacities (FAO/IAEA, 2004).

The addition of organic fertilizers such as manure which is availa-
ble on-farm and cost-free, can ameliorate soil deficiencies by improv-
ing their chemical and physical properties as long as the manure
is high in nitrogen (N), P and potassium (K) and thereby improves
fertility, increases biomass production, and enhances carbon storage
in the soil (Shrestha and Lal, 2006).

Rabbit manure itself is a high quality fertilizer, in terms of N, P and
K contents (FAO, 2011a and b).

Mineral phosphate fertilizers are currently the major source of P in
agriculture (FAO/IAEA, 2004) Phosphates are defined as compounds
which contain phosphorus-oxygen (P-O) linkages. The P-O bond has
a length of 1.62 A with bond angles of 130° at the oxygen atoms
and 102° at the P atoms in the pentoxide P,0s, the most important
oxide of P produced commercially (Sauchelli, 1965; Raschshi and
Finch, 2000).

Phosphates are found naturally in rocks that form vast deposits of
minerals in the strata of the earth but few phosphate sites are mined
around the world. About 90 percent of world production is used to
manufacture fertilizers, with the remainder being used to manufac-
ture animal feeds, detergents and chemicals (FAO/IAEA, 2004).

Nowadays, sedimentary ore deposits provide about from 80
to 90 percent of world phosphate production (FAO/IAEA, 2004).
However, igneous deposits make up 80 percent of Brazil's national
reserves, the major deposits being located in the following federal
states: Bahia, Ceard, Goias, Minas Gerais, Pard, Paraiba, Pernambuco,

L.K. Heng, K. Sakadevan, G. Dercon and M.L. Nguyen (eds), Proceedings — International Symposium on Managing Soils for Food Security and
Climate Change Adaptation and Mitigation. Food and Agriculture Organization of the United Nations, Rome, 2014: 391-311
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Santa Catarina, Rio Grande do Norte e Sao Paulo. Most, however,
are concentrated in the states of Minas Gerais, Goias and Sao Paulo
(DNPM, 2010).

In 2009, the Brazilian domestic market produced about of
5 434 022 tonnes (1) of concentrated phosphate rock, production
being used for fertilizers (89 percent), animal feed (seven percent),
soil amendments (one percent) and the remainder for a variety of
other purposes (DNPM, 2010). Phosphate rocks may contain acces-
sory-gangue minerals and impurities that can be hazardous to man
and animal health such as arsenic, cadmium, lead, fluorine and ura-
nium (Tokarnia et al., 2000), and uranium ores in some phosphate
mining sites are processed as a by-product of the fertilizer industry
(USGS, 2002).

Uranium is the heaviest natural element in nature; it is hazard-
ous to human and animal health because of both its radioactivity
and chemical toxicity. In nature, uranium is more plentiful than silver
(Ag) and about as abundant as molybdenum (Mo) or arsenic (As)
(ASTDR, 1999). Practically every phosphate rock contains uranium,
although the amounts of this and other hazardous elements vary
widely among sources and even within the same deposit. Thus, min-
ing, milling, industrializing and using phosphate products in soil and
animal nutrition are anthropogenic activities increasing the potential

for human exposure to uranium (Mangini et al., 1979; ASTDR, 1999;
FAO/IAEA, 2004).

Figure 1 provides an outline of nutrient and contaminant flows
in the environment, including P flows from fertilizers and manure.
Absorption of essential and toxic elements by humans and animals
is mostly by oral ingestion of food, feed and water, but inhalation
and dermal contact can lead to some absorption in particular cases.
Workers in agriculture are more likely to be exposed to uranium,
especially those applying phosphates on farmland.

The general public is also potentially exposed when eating root
vegetables like potatoes grown on uranium contaminated soil.
Besides the ingestion of foods, drinking uranium-contaminated
potable waters is also a route for uranium to enter into the animal
organism (Mangini et al., 1979; ASTDR, 1999).

Studies in the 1970s provided evidence for increasing uranium
presence in rivers and ground water in regions with intensive use of
fertilizers in agriculture. Uranium derived from phosphate fertilizers
is likely to be adsorbed on the uppermost soil layers and its content
in the water is correlated with the bicarbonate (HCO3") content in
the river (Mangini et al., 1979).
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Many phosphates have the ability to accumulate uranium and
other toxic elements. These abilities may be used in the recovery of
various useful metals from aqueous systems (El Shall et al., 1993).

To face the main constraint of low inherent P in feeds, soils and
plants, rock phosphates and manure are likely to be more widely
applied in agriculture, raising the possibility that these sources may
release contaminants from the farmland into the wider environment
(Mangini et al., 1979; Scholten and Timmermans, 1996). Against this
background, a study was made of the chemical content of selected
agricultural products in Brazil.

Uranium content can be determined by some nuclear techniques
including the delayed neutron technique, a precise, fast (short
turnaround), sensitive, affordable and non-destructive method (DNT,
2013). The method is based on exposing the sample to neutrons
in a research reactor, where fission of its uranium-235 (23°U) in
the nucleus absorbs a neutron from the neutron flow, forming an
instable, highly energetic nucleus uranium-236 (?3%U). This unstable
nucleus mostly fissions into two medium-sized nuclei emitting 2-3
neutrons as follows:

235 236
U in sample + NEULroN thermal, from reactor fuel >~~~ U instable =~
90Kr + %3Ba + 3 neutrons

Very quickly (<10712 seconds after the fission) 99 percent of
the neutrons, so-called “prompt neutrons” are emitted. The remain-
ing neutrons are emitted from 0.0001 s up to several min later
and are called “delayed-neutrons”. These delayed-neutrons can be
detected easily and precisely since their parameters are well known
(DNT, 2013). Neutron activation analysis (NAA) was also used to
measure levels of a wider range of elements. This method is based on
the interaction of radiation (from the reactions occurring in the reac-
tor) with matter (in the sample). When one natural element (present
in the sample) is exposed to a neutron flux, the reaction occurs.
The radionuclide formed emits gamma radiation which can be meas-
ured by suitable equipment. About 70 percent of elements have
nuclides possessing properties suitable for NAA. At the Nuclear Tech-
nology Development Centre (CDTN) of the National Nuclear Energy
Commission (CNEN), Belo Horizonte, Brazil, there is a TRIGA MARK
I IPR-R1 nuclear reactor for application of this technique. kO- based
reactor neutron activation analysis (kO-NAA), is an advanced type
of NAA in which the sample is irradiated without previous chemical
preparation. This specific method is based on kO factors and some
reactor radiatio n parameters. The NAA technique is more expensive
than most analytical techniques and takes up to 90 d to measure
long-lived elements (Avelar et al., 2002).

MATERIALS AND METHODS

Fertilizer samples and preparation

Phosphate fertilizers were acquired in the local market of Minas Ger-
ais State, Brazil. Aliquots of about 100 g were taken randomly from
each commercial pack and grounded to obtain a particle size of 200
Tyler mesh (75 pm) and establish 99 percent conformity of particle
size of each product. An aliquot of 1.00 g ground phosphate was
taken for analysis. The capsule filled with the sample was placed in
a polyethylene container (vial) for the pneumatic transporting system.

Experimental animals, collection and preparation of
faecal samples

Twenty-four young rabbits (30 d old) were used in the study; hard
faeces samples were separated from urine and collected twice daily

during the 42-d experiment, which is the average time needed for
rabbits to achieve the commercial live weight of 2.0 kg.

Faeces were placed in a plastic bag (one per animal) and stored in
a —20°C freezer to minimize odour and to avoid losses. A sub-sample
of approximately 1 000 g from each animal was taken from the bulk
manure collected during 42 d, frozen at —=70°C and lyophilized. Each
freeze-dried sample was powdered, homogenized and around 1.00 g
was taken and sealed into polyethylene irradiation vials.

Sample analyses

Samples and standards in the vials were placed individually into
the neutron flux using the pneumatic transport system of the reactor
IPR-R1 at the CDTN/CNEN. The reactor was operated at 1 kW ther-
mal power under a neutron flux of 6.6 x 10'! neutrons cm?/s. After
60 s, samples were transported automatically out of the reactor direct
to the counting room containing a measuring system consisting of
a metal box filled with paraffin moderator. Six detectors (PHe filled
and connected in parallel) were positioned symmetrically in order
to carry out the detection. The detectors send pulses to the accom-
panying electronic devices, the first of which are amplified, sorted
by a discriminator and the selected pulses counted in an electronic
analyzer for 40 s. A decay-curve for the delayed neutrons was estab-
lished as an array of 40 counts and the uranium content of samples
determined by comparing their delayed-neutron intensity with those
from two well-defined uranium standards from the IAEA.

For the NAA, three schemes of irradiation were undertaken: for
short, medium and long half-life elements. All samples were irradi-
ated at the CDTN/CNEN IPR-R1 reactor. After suitable decay times,
gamma spectroscopy was performed in an HPGe detector with a 10
percent efficiency, connected to a multichannel analyzer. Concen-
trations were calculated using KayZero/Solcoy software. The only
element studied with an alternative method was fluoride which was
assessed by potentiometry, a well-established method (Institute of
Medicine, 1997).

RESULTS

TABLE 1. Uranium content expressed as ratio of phosphorus
concentration

Phosphorus Sources Uranium Content (ug/g)

Super Simple SSP, 17% P,0s, Brazil 52+ 52
Dicalcium DCP, 46% P;,Os, Brazil 181 £ 92
Mono-ammonium MAP, 50% P,0s, Brazil 189 + 92
Triple TSP, 43% P,0s, Brazil 32 £ 42
Phosphate Rock, 24% P,0s, Brazil 39 + 42
Phosphate Rock Arad, 31% P,0s, Israel 145 x 72
Phosphate Rock, 31% P,0s, USA 59b
Phosphate Rock, 33% P,0s5, Morocco 82b
Phosphate Rock, 29% P, Os, Mali 1230
Phosphate Rock, 28% P,0s, Tanzania 390°
Rabbit manure (fresh content) 2.7 £ 0.5°

a — experimental results by DNTe, phosphates (n = 8) and rabbit manure
(n=24)

b — data from FAO/IAEA (2004)
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TABLE 2. Average elemental content of rabbit manure (n = 24)
and Arad rock phosphate (n = 8)

Elements Rabbit Manure (pg/g) Rock Phosphate (pg/g)
As 20+0.5 225+27
Ba 986 + 167 17 209 + 981
Br 19+0.3 1.7+0.3
Co 53+0.6 143 +1.9
Cu 535 + 48 561 + 59
F 234 £ 112 32 500 + 2974
Fe 3448 + 201 3930 + 208
K 5903 + 513 4723 + 455
Na 1134 + 101 1100 + 98
Th 0.54 + 0.21 129 £ 1.1
Zn 244 + 45 390 + 52
DISCUSSION

Application of rabbit manure (Table 1) does not pose a risk to increas-
ing the uranium concentration in farmland since the average uranium
concentration in the earth’s crust ranges from 2 to 4 ug/g (EPA,
1999), the same average value of the uranium content in the rabbit
manure. The results also imply that from environmental standpoint,
rabbit manure would be an advantageous addition to application of
rock phosphates.

Concentrations of uranium were, however, quite variable in
both the rock phosphates and animal manure. Differences among
fertilizers (Table 1) might be due to the region of exploitation of
the phosphate ores, implying different ages of mineralization,
deposit types and associated accessory minerals, and by methods of
industrial production.

In both rabbit manure and rock phosphates, some essential ele-
ments and some elements classified as hazards and toxic elements by
the ATSDR were detected (Tables 1 and 2). These included arsenic,
barium, cobalt, fluoride, thorium, uranium and zinc. Noteworthy,
were the high levels of arsenic, fluoride and uranium in the rock
phosphate fertilizer. The concentrations measured of these hazard-
ous elements are at least ten times higher than those found in
the rabbit manure.

Since the 1990’s, Canada has placed limits on maximum accept-
able cumulative metal additions to soil and maximum acceptable
metal concentrations in products. For instance, the maximum accept-
able zinc concentration in phosphates and manure is 1 850 mg/
kg dry weight (EPA, 1999). Also, European legislation has reduced
the maximum permitted level of Zn and Cu supplementation in live-
stock diets to minimize the environmental impact of manure disposal
in the soil and waterbeds (European Commission, 2003).

CONCLUSIONS

Results indicate that the choice of fertilizers plays a key role in
the control of contaminant flow in agricultural activities. In this sense,
rabbit manure poses the smallest potential for being a hazard among
those studied. This advantage should be even greater through time
considering long-term exposure due to successive fertilizer applica-
tions over the years.

Uranium and other toxic elements in fertilizers should be inves-
tigated since these elements are normal constituents of many phos-
phates, and the monitoring of their presence in manure and chemical
fertilizers and in applied soils should be fundamental for current and

future agricultural activities in many parts of the world. Proactive
measures should also be taken to avoid unnecessary exposure of
humans, animals and the wider environment to these elements.
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LiST OF ABBREVIATIONS

AGRA Alliance for a Green Revolution in Africa
ANOVA Analysis of variance

BNF Biological nitrogen fixation

CA Conservation agriculture

CEC Cation exchange capacity

CGIAR Consultative Group on International Agricultural Research
CIAT Centro Internacional de Agricultura Tropical
CID Carbon isotope discrimination

COSMOS Cosmic-ray soil moisture observing system
CR Count ratio

CRDS Cavity ring down spectroscopy

CRP Coordinated research project

CSIRO Commonwealth Scientific and Industrial Research Organization
CSsl Compound-specific stable isotopes

CcT Conventional tillage

Cwp Crop water productivity

6 Delta value

DAP Days after planting

DEM Digital elevation model

DGPS Differential global positioning system

DI Deficit irrigation

DOC Dissolved organic carbon

DPM Disintegrations per minute

DSM Digital surface model

E Evaporation

EA Elemental analyzer

EC Electrical conductivity

EPA Environmental Protection Agency, USA

ET Evapotranspiration

ETc Crop evapotranspiration or actual evapotranspiration
ETo Reference evapotranspiration

FACE Free-air carbon dioxide enrichment

FAO Food and Agriculture Organization

FC Field capacity

FRN Fallout radionuclide

FNUE Fertilizer nitrogen use efficiency

GAP Good agricultural practices

GC-IRMS Gas chromatography—isotope ratio mass spectroscopy
GHG Greenhouse gas emissions

GIS Geographic information systems

GMWL Global meteoric water line

GPS Global positioning system

HI Harvest index

IAEA International Atomic Energy Agency

ICP-MS Inductively coupled plasma mass spectrometry
ICT Information and communication technology
IITA International Institute of Tropical Agriculture
IPCC Inter-Governmental Panel on Climate Change
IRRI International Rice Research Institute

IT Information technology

IMB Isotope mass balance

ISFM Integrated soil fertility management

KC Crop coefficient

LADA Land degradation assessment in drylands

LAI Leaf area index

LMWL Local meteoric water line

LSC Liquid scintillation counter

LSD Least significant difference

Ndfa Nitrogen derived from atmosphere
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Ndff
Ndfs
NT
oM
PAE
PAR
PAWC
PPMV
PTFs
PUE
RH
RMSE
SE
SLM
SOC
SOM
SPAC
SSA

TDR
TDS
TE
TLU
TU
USDA
USLE
VPD
VPDB
WUE

Nitrogen derived from fertilizer
Nitrogen derived from soil

No-till

Organic matter

Phosphorus acquisition efficiency
Photosynthetic available radiation
Plant available water holding capacity
Part per million by volume
Pedotransfer functions
Phosphorus utilization efficiency
Relative humidity

Root mean square error

Standard error

Sustainable land management
Soil organic carbon

Soil organic matter
Soil-plant-atmosphere continuum
Sub-Saharan Africa

Transpiration

Time domain reflectrometry

Total dissolved solids

Transpiration efficiency

Tropical livestock unit

Tritium unit

United States Department of Agriculture
Universal soil loss equation
Vapour pressure deficit

Vienna Pee Dee Belemnite

Water use efficiency
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