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The Broadbalk Wheat Experiment at Rothamsted Research in the UK provides a unique opportunity

to investigate the long-term impacts of environmental change and agronomic practices on plants and

soils. We examined the influence of manure andmineral fertiliser applications on temporal trends in

the stable N (15N) and C (13C) isotopes of wheat collected during 1968–1979 and 1996–2005, and of soil

collected in 1966 and 2000. The soil d15N values in 1966 and 2000 were higher in manure than the

mineral N supplied soil; the latter had similar or higher d15N values than non-fertilised soil. The

straw d15N values significantly decreased in all N treatments during 1968 to 1979, but not for

1996–2005. The straw d15N values decreased under the highest mineral N supply (192 kgNhaS1 -

yearS1) by 3% from 1968 to 1979. Mineral N supply significantly increased to straw d13C values in dry

years, but not in wet years. Significant correlations existed between wheat straw d13C values with

cumulative rainfall (March to June). The cultivar Hereward (grown 1996–2005) was less affected by

changes in environmental conditions (i.e. water stress and fertiliser regime) than Cappelle Desprez

(1968–1979). We conclude that, in addition to fertiliser type and application rates, water stress and,

importantly, plant variety influenced plant d13C and d15N values. Hence, water stress and differential

variety response should be considered in plant studies using plant d13C and d15N trends to delineate

past or recent environmental or agronomic changes. Copyright # 2008 John Wiley & Sons, Ltd.

Nitrogen (d15N) and carbon (d13C) stable isotopes are widely

used to study the responses of plants and soils to the

long-term impacts of environmental change and agricultural

practices.1–3 The availability of data and samples from

long-continued field experiments represents an invaluable

resource for the testing and verification of such research.

The Broadbalk Wheat Experiment (established in 1843)

provides a unique opportunity to examine the long-term

effects of animal manure and mineral nitrogen (N) fertiliser

on plant and soil d15N and d13C contents.4–6

Plant and soil nitrogen isotope (d15N) contents may be

influenced by soil and plant biochemical processes, morpho-

logical plant traits and abiotic factors. Shearer and Kohl

reported that plant d15N values generally reflect the source of

the plant available nitrogen.7 Various nitrogen sources

applied in agricultural systems differ in their d15N values

and therefore modify both soil and plant d15N values.8,9

However, the differential d15N discrimination of several plant

and soil processes complicates the interpretation of results

with respect to sources.8–10 Generally the long-term appli-

cation of manure, which is relatively enriched in 15N, leads to

higher plant and soil d15N values than in unamended (no

manure) control plots.2 However, changes in plant and soil

d15N values are less consistent when relatively 15N-depleted

mineral (inorganic) N fertilisers are applied. Indeed, studies

have shown that long-term applications of mineral fertiliser

can decrease, increase or have no significant effect on plant

and soil d15N values compared with unamended (no added

fertiliser N) control treatments.2,9

Plant carbon (d13C) isotope signatures may be used as an

indicator of long-term transpiration efficiency and the ratio

of net photosynthesis to stomatal conductance (intrinsic

water use efficiency) during assimilation.11,12 Effects of

nitrogen supply and drought on intrinsic water use efficiency

and thus on plant d13C values have been reported.4,12

Hubick13 found no nitrogen effect on (peanut) plant d13C, but

increases of plant d13C under high compared with low rates

of nitrogen fertiliser were observed.14–16 The effects of

nitrogen on plant d13C are strongly influenced by other

environmental variables.4,17 Jenkinson and co-authors

reported positive effects of nitrogen supply on plant

d13C in dry but not in wet years.4 However, most of the

above-mentioned studies compared only low and high
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nitrogen supply. The question remains whether or not there

is a consistent correlation between mineral nitrogen supply

and plant d13C over a range of nitrogen application which

might explain more about the relation between leaf

physiology and environmental changes, especially compar-

ing various plant species and cultivars (here wheat cultivars).

Ecophysiological data have been used to study the

responses of plants to past environmental changes.5

However, as far as we are aware, there are very few

long-term data sets available which report on the responses

of plant species (here wheat) to environmental changes or

anthropogenic activity (such as fertiliser or manure appli-

cations). Long-term climate, environmental or agronomic

reconstructions using plant d13C or d15N signatures are,

however, an invaluable and informative way of examining

such responses.

We therefore examined the d15N and d13C values of

wheat straw and grain, together with some additional soil

samples, for two periods (1968–1979 and 1996–2005)

with respect to the effects of: (i) a range of mineral N

fertiliser application rates (0 to 192 kg N ha�1 year�1)

and manure (35 t ha�1 year�1; containing, on average,

257 kg N ha�1 year�1, predominantly as organic N), and

(ii) two different wheat cultivars, cv. Cappelle Desprez (grown

from 1968 to 1979) and cv. Hereward (grown from 1996 to

2005).

EXPERIMENTAL

The Broadbalk Wheat Experiment at Rothamsted Research in

the UK occupies approximately 5 ha of land which is now

divided into 10 sections to test different crop sequences,

including continuous wheat. Different combinations of

fertiliser and manure are applied every year; some treat-

ments date back to the start of the experiment in 1843. The

soil is a silty clay loam, producing good wheat yields of up to

11 t ha�1. Different varieties of winter wheat, selected from

the main varieties used in the UK, have been grown over the

years. Wheat is generally sown in October and harvested in

August. Archived soil, wheat grain and straw samples were

taken from the sections of the experiment on which wheat is

grown year after year. Subsamples of grain and straw from

harvests were dried at 808C for 16 h before being archived in

sealed glass jars or tin boxes. For detailed information

about the experiment, see Poulton,18 the web pages of the

Electronic Rothamsted Archive19 and Johnston and Garner.20

We analysed samples from six treatments; five were

from plots receiving PKMg fertiliser and variable rates of

mineral N fertiliser (0, 48, 96, 144, 192 kg N ha�1) and the

sixth from plots receiving manure (35 t ha�1 which was on

average 257 kg N ha�1). Two time periods were considered;

1968–1979 when cv. Cappelle Desprez was grown and

1996–2005 when cv. Hereward was grown. Weather data

was taken from the Rothamsted weather station.

The plant and soil d13C and d15N values were analysed at

the North Wyke Research, Okehampton, UK, using a NA

1500 elemental analyser (Carlo Erba, Milan. Italy) and an

automated continuous flow ANCA 20/20SL system (Europa,

Crewe, UK). The natural abundance values were expressed

as d values, which represent the ratios of 13C/12C or

15N/14N relative to the international VPDB and AIR

standard, respectively, defined as:

d13C ¼½ðatom%13Csample � atom%13CVPDBÞ=atom%13CVPDB�

� 1000

d15N ¼½ðatom%15Nsample � atom%15NAIRÞ=atom%15NAIR�

� 1000

The analytical precisions of the d13C and

d15N measurements were <0.1 and <0.2%, respectively.

The results were analysed with analysis of variance

(ANOVA) using the SPSS v.13.0 software (SPSS, Chicago,

IL. USA). Pairwise comparisons between the treatments were

performed by comparing treatment means with the least

significant difference (LSD) procedure. The correlations

between the parameters were studied by calculating

Pearson’s correlation coefficient (r). Multiple comparisons

between the treatment means were performed with Tukey’s

HSD tests.

RESULTS AND DISCUSSION

Influence of mineral and manure N inputs on
soil d15N and d13C
The soil d15N values in 1966 and 2000 are given in Table 1.

Manure-amended soil had a d15N of at least 1.9% (in 1966)

and 1.7% (in 2000) higher than soils that received mineral

fertiliser or no fertiliser (control). This would be expected

because of the higher d15N values of manure (5.4%� 0.7,

pooled over 6-year samples). Organic fertilisers tend to be

enriched in d15N compared with the plant materials ingested

by animals due to isotopic discrimination within the animal

and microbial processes and NH3 volatilisation after

excretion.21 Similar results have been reported by others.22–25

The mineral N-amended soil had similar or higher

d15N values than the control in both years (except N3PKMg)

(Table 1). Although soil samples were taken from different

sections of the Broadbalk experiment, it remains unexpected

to have (in both periods) higher d15N values in soil amended

with mineral N than in the non-fertilised soil. This is

surprising as mineral N fertiliser has d15N values close to the

atmospheric value (d15N¼ 0%) and these are generally lower

than the d15N values of the soil to which it is supplied. The

d15N enrichment from 1966 to 2000 in the fertilised soils

might have been due to fractionation against 15N compared

Table 1. Effects of organic manure and mineral fertiliser

application on soil d13C and d15N values in 1966 and 2000

1966 2000

Treatment d13C% d15N% d13C% d15N%

N0PKMg �21.5 2.1 �24.6 3.6
N1PKMg �24.2 2.1 �25.0 4.6
N2PKMg �24.7 2.7 �25.4 4.3
N3PKMg �25.0 1.9 �25.6 3.6
N4PKMg� �22.2 3.3 �24.7 4.0
Manure (257 kg N ha�1) �24.3 5.2 �27.3 6.3

Note: N0–N4¼ 0, 48, 96, 144, 192 kg N ha�1.
�N4 since 1968 only, previously 48 kg N ha�1 only.
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with 14N during mineralisation, nitrification, volatilisation,

and plant uptake. These processes lead to N losses which are

relatively enriched in 14N, especially from the active part of

the organic N pool in the soil. Thus the soil pool becomes

relatively enriched in 15N over time.7 Previous research on

the Broadbalk experiment showed that losses of inorganic N

increase with rates of mineral N or manure application.26

Robinson estimates the N isotope fractionations for major N

cycle processes as 40–60% for NH3 volatilisation, 35–60% for

nitrification, 28–33% for denitrification, and 0–19% for NO�
3

and 9–18% for NHþ
4 assimilation by plants.10 Therefore,

increases in d15N values of soil are to be expected.10 Högberg

reported that use of large amounts of mineral fertiliser

increased the soil d15N values in a long-term forest

experiment,17 because of higher N losses (relatively enriched

in 14N compared with 15N) from the forest system and the

discrimination of light N isotopes during soil processes

which lead to N losses from the system.17,27 However, others

have observed that long-term application of mineral fertiliser

reduces the soil d15N content.28–30

The soil d13C values in 1966 were similar regardless of

treatment (Table 1). However, soil d13C values were

clearly lower for manure-amended soils than for mineral

N-amended and non-fertilised soils in 2000. This is expected

because of the lower d13C values of manure (–27.0%� 0.6,

pooled over 6-year samples). Interestingly, Gerzabek and

co-authors did report that the addition of animal manure

over a period of 37 years caused a small but significant

decrease in soil d13C contents,31 but contrary results have also

been reported in long-term field experiments.28

Influence of mineral and manure N inputs on
plant d15N and d13C
Wheat grown on manure-amended soil always had higher

d15N values in straw and grain than that grown on

non-fertilised and mineral N-amended soil (Fig. 1). The

consistently higher d15N values of manure-amended straw

samples may primarily be attributed to the application of
15N-enriched N manure. Similar, positive effects of organic

material amendment on plant d15N values have been

reported.23,32

Variation in the d15N values of plants is generally hard to

explain, because they are affected not only by fertiliser N, but

also by for example: (i) other N sources in soil, (ii) the depth

of soil from which N is taken up, and (iii) the atmospheric

deposition of ammonium. As can be seen in Fig. 1, straw from

mineral N-amended soils had higher values of d15N than that

from non-fertilised plots, especially in the 1968 to 1979

period. Again, as stated in the previous section, this is

surprising as mineral N fertiliser generally has d15N values

(�0% d15N) lower than the soil to which it is supplied.

This may suggest that plant d15N values do not always

directly reflect the d15N signature of fertiliser N applied to

the soil. Choi and co-authors reported that the d15N signature

of maize grown in a glasshouse reflected the fertiliser

d15N value in the early stage of plant growth, but that in later

stages the d15N values increased significantly.32 They

hypothesised that this was because of the increase in the

d15N value of exchangeable N pool in the soil, linked to

the N losses, which discriminated against the heavier

15N compared with 14N.27,32 Results from the long-term

experiment of Meints and co-authors also agreed with our

findings and showed the positive effects of higher mineral N

supply on leaf d15N values of maize.9 Another explanation

for the results in the present study could be that at higher

rates of fertiliser N application, increasing amounts of

fertiliser N exchange with soil organic N, which has a higher

d15N.9 Interestingly, the pronounced effect of higher mineral

N applications on the d15N values of straw and grain was

much clearer in the period 1968–1979 than in 1996–2005

(Fig. 2). This may be related to the different fertiliser source

used in each period; N was applied as ammonium nitrate

after 1986, but as calcium ammonium nitrate in 1968–1979.

Figure 1. Effects of mineral N fertiliser andmanure supply on

straw and grain d15N values during the 1968–1979 and

1996–2005 periods.

Figure 2. Relationship between mean of straw d15N values

and N treatments. Data pooled for each time period in

each treatment. Error bars show the standard error of each

treatment.
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Unfortunately, there are no fertiliser samples available for

analysis to check this hypothesis.

Grain samples also showed the same response as straw to

organic and mineral N fertiliser amendment; however, grain

d15N values were always higher than straw d15N values

(Fig. 1). This may be explained by discrimination within the

plant during N uptake, translocation into leaves and stem

and later remobilisation into the grain. Another explanation

could be that grain d15N values reflects the d15N values of soil

exchangeable N values during the grain filling period which

might increase over time (see previous paragraph).

The straw and grain samples decreased in their

d15N contents from 1968 to 1979 in all treatments, but the

decreases were mainly significant for the straw samples

(Fig. 1). Straw d15N depletion was larger in the medium and

high mineral N treatments than in the manure-amended

and the non-fertilised treatments. The straw d15N

values decreased by more then 3% from 1968 to 1979 on

plots receiving the largest amount of mineral nitrogen

(192 kg N ha�1 year�1), but by less than 2% in the manure-

amended and the control treatments with regards to the

fitted line. There was no significant trend found in straw and

grain d15N values during the 1996–2005 period (Fig. 1).

Comparing soil and straw d15N values, the straw d15N values

were much closer to the soil d15N value in the period

1968–1979 than in 1996–2005. Both the straw and the grain

d15N values were less than the soil d15N values in the

1996–2005 period. This partly agrees with the report by

Meints and co-authors that corn and soybean leaf d15N values

were considerably lower than soil d15N values.9

We observed that the wheat straw was depleted in

d13C compared with grain in both periods (Fig. 3). This was

ascribed to a higher content of 13C-depleted compounds

(cellulose and lignin) in the straw and of 13C-enriched

proteins and starch in the grains.30 Similar findings were also

reported by Zhao and co-authors5 and Farquhar and

Richards.33

Carbon isotope discrimination reflects the time-integrated

intercellular concentration of CO2, and the positive effect of

N supply on d13C has been widely observed (see Introduc-

tion). Higher d13C values in crops receiving mineral N than in

non-fertilised crops indicate a higher photosynthetic

capacity.34,35 Jenkinson and co-authors reported that there

was a large difference between d13C in N-fertilised and

non-fertilised plants, but they only compared low and high N

supply, whilst we compared four mineral nitrogen rates

(plus a zero N and a manure treatment).4 Our results agreed

with those studies in which it was reported that N supply

had a positive effect on the d13C values of straw (Fig. 4).14–16

However, the difference was only observed between no N

and N treatments; there were no differences between the

different rates of N, as observed in previous study.36 We did

not see any significant effects of manure on straw d13C values

(Fig. 4), in line with our earlier research which had reported

that only mineral N and not manure increased d13C in barley

grain.28

Cumulative rainfall, wheat variety and plant
d13C and d15N
The differences between non-fertilised and mineral N

treatments varied greatly from year to year depending on

water availability, with larger differences in straw d13C in dry

years than in wet years. The correlation between

Figure 3. Relationship between mean of straw and grain d13C values (pooled over all

treatments) and cumulative rainfall (March to end of June) in the periods from 1968–1979

(cv. Cappelle Desprez) and 1996–2003 (cv. Hereward).

Figure 4. Relationship between mean of straw d13C values

and N treatments. Data pooled for each time period in

each treatment. Error bars show the standard error of each

treatment.
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Dd13C (Dd13C¼difference in d13C between the soils receiving

no N and mineral N) and cumulative rainfall (March to June)

increased with the increasing rate of mineral N fertiliser

applied. The R values from the correlation of Dd13C and

cumulative rainfall were �0.23, �0.52, �0.49, �0.76�� in

1968–1979 and �0.23, �0.30, �0.32, �0.56 in 1996–2003 for

N1, N2, N3, N4 (�� indicates significance at 0.001 level). Clay

and co-authors reported that positive effects of N nutrition

on d13C values resulted from a combination of factors.36 First,

adding N to N-deficient plants increases the machinery of

photosynthesis, which in turn increases the d13C of carbox-

ylation because of less discrimination. Secondly, adding N to

N-deficient plants tends to increase biomass production,

which increases water requirements, so stomatal closure

occurs because of water stress.36 Our results agree with these

proposed mechanisms, especially with the second sugges-

tion by Clay and co-authors, because the N effect on d13C that

we observed was more pronounced in dry years. There was

also a significant negative correlation between straw

d13C values and the cumulative rainfall from March to June

in the period 1968–1979 (cv. Cappelle Desprez), but no

significant relation was found in 1996–2003 (cv. Hereward)

(Fig. 3). The differences in response to rainfall between the

two periods were also observed for the control and manure

treatments. Clearly, comparing the two varieties, the newer

cultivar, Hereward, had a lower response to rainfall than the

older cultivar Cappelle Desprez, independent of fertiliser

treatment (Fig. 3). However, straw d15N values increased

when the wheat harvest was delayed, especially for a very

late harvest in September, 1977, which induced much higher

d15N values. The pronounced influence of harvest dates was

not found for grain d13C values.

Mineral N application increased the straw d13C and

d15N values (Fig. 5) in both periods, but there were clear

differences in straw d13C and d15N between the two periods

and varieties (Fig. 5). Rebetzke and co-authors reported that

d13C is genetically correlated with yield for wheat grown in

water-limited environments, and different varieties may

differ in d13C signature.37 Our findings agree, as we found

clear differences in d13C values in straw when comparing the

two sampling periods and different varieties for all

treatments (Fig. 5). The pronounced difference in

d13C values, even for non-fertilised plots, means that the

newer variety Hereward has lower (more negative)

d13C values relative to the fitted line in Fig. 3, which might

be due to a higher time-integrated stomatal conductance.

Changes in plant d13C signatures may reflect the changes in

atmospheric CO2 concentrations over the last two centuries.5

For archived grain and straw samples from unfertilised

plots on Broadbalk, Zhao and co-authors found that

d13C decreased by 2.5–2.8% from the mid-1960s to 1997.

This was partly attributed to the dilution of atmospheric
13CO2 by the release of 13C-depleted CO2 from global losses

of soil organic matter, burning of plant biomass and the use

of fossil energy. We concluded from our study that water

stress and, also importantly, plant variety influence the plant

d13C and d15N values (Fig. 5). Hence, this differential variety

response should be considered in any studies using plant

d13C and d15N to reconstruct or assess past or recent

environmental or agronomic changes.

Figure 5. The d15N and d13C values of straw for two time periods under different rates of

mineral N supply (kgNha�1) (black shapes: 1968–1979; open shapes: 1996–2003).
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