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Abstract 

Background Public interest in the way food is produced on the farm and processed along the food-production 
chain is increasing. The analysis of isotopic signatures (13C) in cow tail hair provides a method to reconstruct the die-
tary proportion of maize in cow diets. Based on this, we further investigated whether there is a relationship between 
isotopic signatures in cow tail hair or farm slurry and the proportion of maize of the total utilized agricultural area per 
farm [%]. We did an on-farm survey on 17 dairy farms in coastal Northwest Germany and collected cow tail hair from 
dairy cows and slurry samples on each farm. The farms differed in their feeding regime  (C3 vs.  C4 plants), their site 
conditions (sandy soil = ‘Geestland’; organic soil = ‘Peatland’; clayey soil = ‘Marshland’), and in the area cultivated with 
maize as a proportion of the total utilized agricultural area per farm.

Results We found a positive relationship between δ13C values in both cow tail hair and slurry and the annual dietary 
proportion of maize (R2 = 0.67; and R2 = 0.63). Furthermore, we confirmed that there was a relationship between δ13C 
values in cow tail hair and area of maize as a proportion of the total utilized agricultural area per farm (R2 = 0.69).

Conclusion Our findings suggest a general applicability of using isotopic signatures (13C) along a wide gradient of 
site conditions and productions systems in practice.

Keywords Stable isotopes, Natural 13C abundance, Environmental indicator, Maize, Dietary composition, Traceability

Background
Public interest in the agricultural and food-producing 
sectors, in particular in the way food is produced on the 
farm and processed along the food-production chain, is 
increasing (Gregory 2000; Marzia Ingrassia et  al. 2017). 
In this context, understanding material cycles and 
source–sink systems of nutrient elements is becoming 
increasingly important. For the understanding of such 
cycles and pathways the evaluation and further devel-
opment of indicator methods is essential (Bockstaller 

et al. 2008; Girardin et al. 1999). A common method for 
tracing elements is the analysis of the isotopic signature 
(Camin et  al. 2016; Zhao et  al. 2013). By investigating 
the natural abundance of carbon and nitrogen isotopes, 
the metabolic, conversion and uptake processes can be 
traced without the use of artificial labelling techniques 
(Camin et al. 2016; Pillonel et al. 2005).

In food production, the method of isotopic signature 
analysis has been applied in various forms: besides the 
analysis of products like meat or milk (Kornexl et  al. 
1997; Rossmann et al. 2000), the analysis of animal tissues 
(for example hair) is also widespread. The isotopic signa-
ture of cow tail switch hairs has been found particularly 
suitable for tracing differences in animal feeding regimes 
among agricultural production systems over a period of 
time (Hammes et al. 2017; Schwertl et al. 2005). Cow tail 
switch hairs have a high potential to serve as an isotopic 
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archive as they have continuous growth, allow non-inva-
sive sampling and as a dead tissue do not change compo-
sition post hoc (Nakamura et al. 1982; White et al. 1999).

The economic and environmental performance of dairy 
farming is directly linked to the forage production (Reijs 
et al. 2013). There is an interest to make milk production 
independent of arable land, use more grassland and thus 
to prevent feed–food competition (Knaus 2013). Maize 
as a forage crop is also cultivated on arable land. Maize 
is a  C4 plant and differs from  C3 plants in photosynthetic 
mechanism which is directly reflected in the 13C signa-
tures (Nakamura et al. 1982; Smith and Epstein 1971).  C3 
plants (e.g. grasses, legumes, cereals, soy) discriminate 
much more strongly against the heavy 13C, whereas  C4 
plants (e.g. maize, sugar cane, sorghum) discriminate less 
against 13C and have correspondingly higher δ13C values 
(Knobbe et  al. 2006; Smith and Epstein 1971). A corre-
lation between the proportion of maize in the feeding 
ration and the δ13C content of the tail switch hairs has 
been demonstrated in some studies (Hammes et al. 2017; 
Schwertl et al. 2005, 2003; Wittmer et al. 2010). The pre-
vious studies used the isotopic signature (δ13C values) 
mainly on farms on sandy and organic soils, and so far, 
information for its use on other soil, e.g. clayey marsh-
land soils, is lacking.

Lower Saxony has the second highest dairy stock size 
in Germany and has shown a strong intensification of 
dairy production in recent years in the northwest region 
along the North Sea coast. In Lower Saxony in particular 
the study region (Landkreis Wesermarsch) has the high-
est dairy cow stock per agricultural area (> 80 cows per 
100  ha agricultural area) and the highest proportion of 
permanent grassland (> 70% of total utilized agricultural 
area) (Niedersächsisches Ministerium für Ernährung, 
Landwirtschaft und Verbraucherschutz 2022). Clayey 
marshland soils are common along the North Sea coast 
and along major rivers and are important sites for grass-
land-based dairy farming. These highly clayey marshland 
soils are limited in their use for arable farming and often 
cultivation of maize is not possible.

In relation to the main soil conditions, the management 
and productions systems on the farms can also differ, 
which also has a direct influence on the feeding regime. 
An analysis of a wider range of soil landscapes, related 
feeding regimes, animal tissues, and production systems 
would be needed to prove the robustness of δ13C isotopic 
signatures as a tool to retrospectively estimate the annual 
dietary proportion of maize without analysing the feed 
components (Hammes et al. 2017).

Slurry from dairy cows also is a product of metabolism 
processes and can function as an archive as it is usually 
produced and stored over a period of several months. 
Sampling of slurry is comparatively easy and slurry is 

readily available while cattle tail hair is often sheared for 
hygienic reasons and thus kept too short making for the 
purposes of isotopic analysis. By including slurry in our 
study, we wanted to test and develop a broader applica-
tion of the isotopic signature method in practice. For 
example, Bol et al. (2004) and Glaser et al. (2001) used the 
relationship between animal feeding and isotopic compo-
sition of slurry to systematically produce 13C enriched or 
depleted slurry.

On-farm research is always dependent on the informa-
tion provided by the farm managers. There is always a 
certain residual uncertainty in the data obtained on farm 
management, dairy production and feeding regime (Pie-
pho et al. 2011). Therefore, we included fact-based land 
use data (proportion of maize area of total utilized agri-
cultural area of the farms) and tested its relationship to 
the δ13C isotopic signature of cow tail hair and slurry. To 
our knowledge, information on the relationship between 
land use and isotopic analyses of cow tail hair and slurry 
is scarce.

We did on-farm research on 17 farms in the North 
Sea region of Germany which differed in regional soil 
and site conditions (soil landscapes), production sys-
tems and feeding regimes. For the purpose of this study, 
the term ‘soil landscapes’ refers not only to soil proper-
ties and soil chemical mechanisms, but also includes the 
respective production systems as well (Frame 1992). We 
obtained data on farm structure and management and 
took samples of cow tail hair and slurry on the 17 farms.

We hypothesize that (i) the method of tracing back the 
diet of cows by using the δ13C signature of cow tail switch 
hair is a robust tool that works on several soil landscapes 
and under varying farming and production systems and 
that (ii) conclusions from the δ13C isotopic signatures in 
cow hair can be drawn concerning land use data and (iii) 
the δ13C isotopic signature of slurry is related to the feed-
ing regime and land use.

Methods
Study region and farms
The study region was located between 53°11′ to 53°24′ 
North and 8°01′ to 8°22′ East in north-western Ger-
many and is part of the watershed area of the Jade river. 
The region comprises three different soil landscapes: 
Geestland, Peatland and Marshland. The Geestland 
(moraine-based sandy upland) is characterized by a soil 
texture with a high proportion of sand (73% sand, 21% 
silt, and 6% clay) and is located in the southwest of the 
study region. On the Marshland farms in the north-east 
of the region, soils with a high clay content predominate 
(5% sand, 45% silt, and 50% clay). The Peatland farm soils 
have a proportion of 30% sand, 38% silt, and 32% clay 
on average and are situated between the Geestland and 
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Marshland region. Dairy farming and forage production 
based on grassland, especially on the Marshland and 
Peatland landscapes, are the most prominent forms of 
land use and characterize the region.

Farms
Of the 17 farms investigated, nine can be allocated to the 
Geestland, five to the Peatland, and three to the Marsh-
land region. The uneven distribution of farms among the 
soil landscapes is a result of requirements within a col-
laborative research project on nutrient inputs from dairy 
farms into drainage ditches. Nevertheless, the farms 
reflect the variation of farm types that are typical for this 
North Sea region (Tables 1, 2): from smaller dairy farms 
with about 70 dairy cows to bigger farms with more than 
500 dairy cows. The grassland proportion of the utilized 
agricultural area varies from 37 to 100% (Geestland: 
37–77%; Peatland: 75–100%; Marshland: 94–100%) and 
utilization of grassland ranges from cutting-only systems 
(all-year housing of cows) to combinations of cutting 
with summer grazing. The dietary proportion of maize 
differs strongly between farms from 0 to 46% based on 
dry matter. Grazing farms either supplement the cows’ 
diet during summer with maize  (C4 plant) or only use 
grass  (C3 plants).

The description of the feeding regime and the annual 
dietary proportions follows information acquired in face-
to-face interviews with the farmers in the years 2020 and 
2021. In the ‘all-year housing’ regime, cows were kept 
in stables throughout the year and were fed a diet that 
always contained maize. In the ‘summer grazing with 
maize’ regime, cows were on pasture for a minimum of 
120  days per year and a minimum of 6  h per day. Dur-
ing nights, for milking and in winter cows were kept in 
stable and received additional feeds like maize silage and 
concentrates. Farms assigned to the ‘summer grazing 
without maize’ regime kept their cows on pasture for a 
minimum of 120 days per year and a minimum of 6 h per 
day and in the stable during nights and for milking; dur-
ing wintertime feeding was like in the ‘summer grazing 
with maize’ regime. However, these cows did not receive 
any maize  (C4 plant) while they were in the stable and are 
fed by  C3 plants year-round.

Sampling design and preparation
Hair sampling and preparation
Sampling was done according to the protocol of Hammes 
et al. (2017) and Schwertl et al. (2005, 2003). On two con-
secutive days in early March 2021 tail switch hairs were 
plucked by the farmers themselves from two adult dairy 
cows that had lived on the farm for at least 2 years at that 
time. The hair samples were stored in an airtight bag and 
frozen until further processing. We prepared the hair 

samples for the stable isotope analysis as follows (Hammes 
et  al. 2017; Schwertl et  al. 2005, 2003): to remove con-
taminants, like traces of faeces, the hairs were soaked and 
washed by ultra-sonication with deionized water, dried 
(40  °C, 48  h), soaked in a 2:1 mixture of methanol/chlo-
roform (approximately 2  h), rinsed with deionized water, 
soaked in deionized water for another 30 min, and rinsed 
again; finally, the hairs were dried again (40 °C, 48 h).

Ten hairs per farm (five per cow) were randomly chosen 
and further processed. A minimum hair length of 12  cm 
was necessary in order to retrospectively assign sections of 
hair to certain time periods in the past: in this case, to peri-
ods of summer and winter feeding to reflect an annual diet. 
We assumed a medium growth rate of 0.8 mm/day and a 
time shift of 80 days for a changed diet to be detectable in 
the hair and followed the procedure described in Hammes 
et al. (2017) to separate hair sections for isotopic analyses: 
1–3.5 cm of hair (0 cm would be the hair root) represent-
ing the November period (winter feeding, 2020) and 8.5–
11 cm for the August period (summer feeding, 2020). The 
sampling periods were chosen in accordance with Hammes 
et al. (2017) to ensure comparability. Each segment was cut 
into ~ 1 mm pieces and put into a 4 × 6 mm tin capsule. Ten 
samples per farm (five replications for each time period, 
that is summer and winter feeding) with ~ 1 mg weight of 
material were analysed for δ13C isotopic signature.

Sampling and preparation of slurry
Samples of slurry of each farm (n = 17) were collected 
in late winter/early spring 2020 and 2021, before the first 
slurry application to the fields, and frozen for storage until 
analysis. To prepare for isotopic analysis, samples were 
freeze dried, ground to powder (Fritsch Pulverisette 7; for 
2.5 min, 400 r/min) and < 1 mg of material weighed into tin 
capsules.

Isotopic analyses
All 13C analyses were conducted at the Centre for Stable 
Isotope Research and Analysis, University of Göttingen. 
The δ13C values of all samples were determined by com-
bustion in an elemental analyzer NA1110 (CE-Instru-
ments, Rodano, Milano, Italy) interfaced with a Conflo 
III-Interface (Thermo Electron, Bremen, Germany) to an 
isotope ratio mass spectrometer Delta XP (Thermo Elec-
tron, Bremen, Germany). Following Mariotti (1984), the 
δ13C value is expressed in parts per thousand [‰] and 
defined as:

where R represents the ratio of 12C/13C isotopes of the 
sample and the standard. All samples were measured 

δ13C[‰] =
Rsample

Rstandard
− 1 ∗ 1000,
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against a laboratory working standard (acetanilid) which 
was calibrated against an international standard v-PDB 
beforehand.

Statistics
Statistical analysis was carried out using R Development 
Core Team 2020 (Version 4.0.2). In the first step, we 
investigated the relationship between the annual dietary 
proportion of maize and the δ13C values in cow switch 
tail hair and slurry by linear regression and plotted the 
data using the package ggplot2. In the second step, the 
same procedure was applied to explore the relationship 
between the δ13C content of cow switch tail hair and 
slurry and the proportion of maize land of the total uti-
lized agricultural area [%]. Effects of the soil landscape 
(Geestland, Peatland, Marshland) on δ13C values in cow 
tail hair and slurry were analysed by conducting a one-
way analysis of variance (ANOVA). Both ANOVAs were 
followed by a Tukey post hoc test (α = 0.05) to compare 
means of soil landscapes.

Results
Relationship between the annual dietary proportion 
of maize and the δ13C values in cow tail hair
The proportion of maize in the dairy cow diet of the 17 
farms in our investigation varied from 0 to 46% (Table 2). 
Accordingly, we found δ13C values in cow tail hair in a 
range from − 26.10 to − 18.73 ‰. Four farms kept their 
cows in an all-year housing system with no grazing at all, 
while 13 farms did summer grazing: 11 with additional 
maize feeding and two with no maize in the cow diet.

We found that 67% of the variation in annual δ13C val-
ues of cow tail hair (average of the summer and winter 

feeding time periods) can be explained by the annual die-
tary proportion of maize (Fig. 1A). This is somewhat less 
than the R2 of 0.89 reported by Hammes et al. (2017). The 
linear model indicates a δ13C value of −  24.7‰ (inter-
cept) with no maize in the diet, and less negative values 
with increasing proportions of maize in the diet. This 
value is close to the intercept of − 25.3 ‰ for a similar 
on-farm study as reported by Hammes et al. (2017). The 
95% confidence interval (CI) for mean dietary proportion 
of maize (21%) is − 21.67‰ (− 22.35, − 20.98).

The effect of feeding regime and soil landscape on the δ13C 
values in cow tail hair
The δ13C values of cow hair differed significantly among 
the feeding regimes (summer grazing with maize, sum-
mer grazing with no maize, no grazing/all-year housing; 
P < 0.05; not shown) and between soil landscapes (Geest-
land, Peatland, Marshland; P < 0.01; Table 2). Lower δ13C 
values in the cow hair could be attributed to the Marsh-
land; all farms there did grazing (Fig.  1A, dotted circle; 
Table  2). Distinctly higher δ13C values in cow tail hair 
(P < 0.01) were found in the Geestland; feeding regimes 
there always included higher proportions of maize in the 
diet (Fig. 1, solid circle; Table 2). On Peatland farms, cow 
tail hair showed a wider range of δ13C values and all three 
feeding regimes were represented (Fig.  1A, dashed line, 
Table 2).

Relationship between δ13C values in cow tail hair 
and the proportion of maize of total agricultural area
A positive relationship between δ13C values in cow 
tail hair and the proportion of maize area of total agri-
cultural area can be confirmed (P < 0.001; Fig.  1B): 69% 

Table 2 Characterization of farm size and production system in the three soil landscapes

Means with minimum and maximum values in brackets. δ13C values for cow tail hair and slurry in 2020. One-way ANOVA with soil landscapes as main factor; with post 
hoc Tukey test. Values in brackets show standard errors. Means with different letters in one row differ significantly (α = 0.05)

Geestland
(n = 9)

Peatland
(n = 5)

Marshland
(n = 3)

All soil landscapes (n = 17)

Data on production system

Agricultural area [ha] 188 (48–313) 151 (102–224) 102 (62–168) 162 (48–313)

Grassland [%] 59 (37–77) 91 (75–100) 98 (94–100) 76 (37–100)

Maize land [%] 34 (19–53) 9 (0–25) 1 (0–3) 21 (0–53)

Milking cows 242 (71–523) 153 (94–202) 106 (98–148) 192 (71–523)

Milk yield (ECM) per cow [kg] 9368 (8286–10,365) 7615 (5279–10,521) 9486 (8878–10,061) 8873 (5279–10,521)

Maize [% DM] 28 (11–46) 15 (0–27) 10 (0–15) 21 (0–46)

Grass [% DM] 38 (24–51) 51 (38–85) 51 (42–60) 44 (24–85)

Concentrates [% DM] 33 (24–43) 34 (15–46) 39 (35–43) 34 (15–46)

δ13C [‰] P-value

Cow tail hair − 20.30 (± 0.57) b − 22.50 (± 0.76) ab − 24.20 (± 0.98) a  < 0.01

Slurry − 23.28 (± 0.53) b − 25.62(± 0.71) a − 28.06 (± 0.92) a  < 0.01
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of the variation in annual δ13C values of cow tail hair 
can be explained by the area cultivated with maize on 
the farm and confidence interval for mean propor-
tion of maize area of total agricultural area is − 21.60‰ 

(− 22.26, − 20.94). This value is in a range of the coeffi-
cient of determination found for the relationship of δ13C 
values in cow tail and the annual dietary proportion of 
maize (R2 = 0.67; Fig.  1A). The linear model indicates a 
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δ13C value of − 23.9‰ (intercept) for a situation with no 
maize cultivated on the farm (total agricultural area).

Analysis of δ13C values in cow slurry and the relationship 
to the annual dietary proportion of maize
Samples of slurry were taken on each farm. The factor 
‘soil landscape’ had a significant effect on δ13C values of 
slurry (P < 0.01, Table 2). The δ13C values of slurry from 
Marshland farms were significantly lower than those of 
Geestland farms while δ13C values of slurry from Peat-
land were in a range between those of Marshland and 
Geestland farms but not significantly different from 
either of the two soil landscapes.

We found a positive relationship between δ13C values 
of slurry from the farms and the annual proportion of 
maize in the cow diet (R2 = 0.63, P < 0.001; Fig. 2A): farms 
with lower δ13C values (more negative) in their slurry had 
a lower proportion of maize in their diet. The 95% confi-
dence interval (CI) for mean dietary proportion of maize 
(21%) is − 24.84‰ (− 25.63, − 24.06).

Relationship between δ13C values in slurry 
and the proportion of maize cultivated on the farm 
of the total agricultural area of the farm
We determined that there was a positive relationship 
between δ13C values in slurry and the proportion of 
maize cultivated on the farm of total agricultural area per 
farm (P < 0.001; Fig.  2B): 51% of the variation in annual 
δ13C values of the slurry could be explained by the pro-
portion of maize cultivated on the farm of the total agri-
cultural area of the farm (CI for mean 21 ha = − 24.78‰ 
(−  25.67, −  23.89)). The linear model indicated a δ13C 
value of −  26.9‰ (intercept) for a situation with no 
maize cultivated on the farm (total agricultural area).

Discussion
Relationship between δ13C values in cow tail hair 
and slurry and the proportion of maize in the cow diet
Our results show that there is a relationship between 
the proportion of maize in the cow diet and the δ13C 
values of cow tail hair.  C4 and  C3 plants differ in terms 
of their photosynthetic metabolism and therefore in 
their discrimination of 13C (Smith and Epstein 1971). 
This is reflected in the isotopic composition of the 
cow tail hair (Nakamura et  al. 1982). In our study we 
found that a higher proportion of  C4 plants (maize) 
in the diet led to less negative δ13C values in the cow 
tail hair. This finding confirms results of previous stud-
ies (Hammes et al. 2017; Schwertl et al. 2003). In addi-
tion, we widened the approach of the previous studies 
by including marshland as a region of dairy production. 
We also determined δ13C values in slurry of all farms 

in the study. Our aim was to show that the relationship 
between maize in the cow diet and δ13C values in cow 
tail hair and slurry is valid for a wider range of envi-
ronmental conditions like different soil landscapes and 
related production systems.

We found a relationship between δ13C values of slurry 
and the dietary proportion of maize (Fig. 2A). More maize 
 (C4) in the diet will also affect the isotopic signature of 
slurry at the farm level (Amelung et al. 1999; Glaser et al. 
2001). As slurry is usually produced and stored over sev-
eral months it also has an archive function for δ13C val-
ues and reflects the feeding regime over that time period. 
Accordingly, Geestland farms in our study with the high-
est proportion of maize of total utilized land (P < 0.001; 
Table 3) and the significantly highest dietary proportion 
of maize (P < 0.05) had the highest δ13C values in slurry 
(P < 0.01; Table  2). This relationship has been used to 
systematically produce isotopically enriched or depleted 
slurry for experimental set-ups (Angers et  al. 2007; Bol 
et al. 2004). In practice, slurry samples are more readily 
available than samples from cow tail hair. Cow tail hair is 
cut in regular intervals for hygienic reasons and is often 
too short for the intended purposes. The relationship 
between δ13C values in slurry and annual dietary propor-
tion of maize is similar to that of cow tail hair and pro-
portion of maize (R2 = 0.63 and R2 = 0.67, respectively). 
From our results we conclude that an isotopic analysis of 
cow slurry can be used as a reasonable proxy for the esti-
mation of feed ratios  (C3 vs.  C4 plants). However, in order 
to fully explain the relationship of δ13C values in slurry 
and annual dietary proportion of maize more informa-
tion on the slurry management of the farm is needed, 
such as the origin of the slurry (from cows alone or also 
from heifers or bulls) or the type and duration of slurry 
storage. Additionally, the dietary composition varies 
throughout the year depending on forage availability and 
forage quality. In order to improve the relationships and 
models, especially the composition of the concentrates 
should be identified. It is important to know if  C4 plants, 
usually maize, are used as concentrate feed additionally 
to the feeding of silage maize. In contrast to Hammes 
et al. (2017), six farms (A, G, H, I, K, L) fed maize addi-
tionally as concentrate feed in single components, while 
11 farms fed conventional multicomponent concentrates 
where proportions of single ingredients are unidentified. 
Data points of those farms with  C4 in concentrates lie 
above or on the regression line (Fig.  1A). Including the 
proportion of maize concentrates of those six farms into 
overall dietary proportion of maize, the R2 of the rela-
tionship 13C hair ~ dietary proportion of maize improves 
to 0.77. Thus, the supplemental and not accounted for 
feeding of  C4 plants in concentrates may explain part of 
the variation. Systematic research on the topic is scarce.
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δ13C values in cow tail hair and slurry in different soil 
landscapes and proportion of maize of the farmland
Dairy production and feeding systems are closely 
related to soil landscapes. The area has three major soil 
landscapes: Geestland (sandy), Peatland (organic) and 

Marshland (clayey). The method of isotopic measure-
ments of cow tail hair has been applied on a range of 
site conditions before: Hammes et  al. (2017) worked on 
predominantly sandy or coarse textured soils on a west–
east gradient in the North German Plain; Schnyder et al. 

Fig. 2 A Relationship between the δ13C values of slurry and the annual dietary proportion of maize (DM). B Relationship of the δ13C values in cattle 
slurry (annual mean) and the area cultivated with maize [as a proportion of the total agricultural area per farm]. Each point refers to one farm (A–Q) 
and symbols indicate soil landscapes. R2 shows coefficients of determination and grey bands show 95% confidence interval



Page 9 of 12Sieve et al. Ecological Processes            (2023) 12:7  

(2006) and Schwertl et al. (2005) both worked in South-
ern Germany on drained peat soils and mineral soils 
(Luvisols and Cambisols), respectively; and Wittmer et al. 
(2010) studied semi-arid grassland in Inner Mongolia, 
China. Our study introduces clayey Marshland soils as 
a production site for dairy cattle and grassland farming 
in addition to sandy and peat soils in the same region. 
Clayey marsh soils in coastal regions are often difficult to 
use as arable land, but can be very productive grassland 
for dairy farming (Reijs et al. 2013). This combination of 
soil landscapes in a region is not uncommon along the 
North Sea coast in Germany and also in the Netherlands 
dairy production and grassland can be found on those 
three soil types (van den Pol-van Dasselaar et al. 2020a).

The extent of use of maize in the dairy production 
system is mainly affected by constraints to arable farm-
ing like a high water-table and soil conditions that make 
tillage difficult and costly. Maize cultivation is thus often 
limited in Peatland and Marshland (Stirm and St-Pierre 
2003). In the region of our study, cultivation of maize is 
possible in the whole of the Geestland region, but only 
partly on Marshland or Peatland soils.

The use of grazing on a farm is often independent of 
soil landscapes and depends, however, a great deal on the 
mindset of the farmer (Becker et  al. 2018; van den Pol-
van Dasselaar et  al. 2020b); but also on constraints like 
herd size, availability of suitable grazing fields close to 
the farm, labour availability, and forage storage facilities 
(Charlton and Rutter 2017; Frame 1992; Ketelaar-de Lau-
were et al. 2000; Schaak and Musshoff 2018).

Soil landscapes and production systems are related and 
there is no Geestland farm where no maize is used in the 
diet for dairy cows and conversely, no Marshland farm 
in our study that keeps its cows indoors all-year round. 
However, these combinations represent the real condi-
tions in dairy farming in north-west Germany.

Farms in the three soil landscapes differed significantly 
in the area cultivated with maize as a proportion of the 
total utilized agricultural area (P < 0.001; Table 3) and in 
the proportion of maize in the feed diet for dairy cows 
(P < 0.05; not shown).

On average, the proportion of maize of the total uti-
lized agricultural area was 34% for Geestland farms, 9% 

for Peatland farms, and only 1% for Marshland farms. 
The comparatively high proportion of maize in the cow 
diet on Peatland farms can be explained by the fact that 
farms designated to one soil landscape can also have 
fields in an adjacent soil landscape—farms can be situ-
ated on the border of two landscapes or a farm might 
have taken over a smaller farm in another soil land-
scape. In our study, farms were categorized to that soil 
landscape where they had the highest amount of farm-
land (ranging from a proportion of 33.3% in each soil 
landscape to 100% in one soil landscape).

As the proportion of maize in the diet is related to the 
extent of cultivation of maize on the farms, our results 
allow us to draw conclusions from the isotopic signa-
ture of cow hair not only on the proportion of maize 
in the feed diet (R2 = 0.67; Fig.  1A), but also to the 
proportion of maize area of the total agricultural area 
(R2 = 0.69; Fig. 1B). There is also a relationship between 
the isotopic signature of slurry and the proportion of 
maize area of total agricultural area (R2 = 0.51; Fig. 2B). 
Among the factors that may contribute to the unex-
plained variance is the purchase of additional forage for 
the dairy production, often maize silage, when supply 
from own resources of the farm is not sufficient. Of the 
17 study farms, six purchased additional maize silage in 
2020 (0.33–3.10 t  cow−1).

The relationship of the isotopic signatures in cow 
tail hair and slurry with the proportion of cultivation 
of maize of the total agricultural area widens the scope 
of application of the method and enables a more fact-
based analysis independent of questionnaire data (on 
feeding, grazing and composition of the diet). Data on 
farm size and cultivation of different crops are read-
ily available and correct. The use of data from ques-
tionnaires and interviews is indispensable but these 
instruments unavoidably introduce some degree of 
uncertainty (Becker et  al. 2015). Data from on-farm 
research have the potential to reflect farming real-
ity and can help to validate indicator methods for use 
under practice conditions, demonstrating prospects 
and limitations (Crofoot 2010; Kyveryga 2019; Nielsen 
2010). The uncertainties could at least partly be avoided 
when, as we did in our survey, fact-based land use data 
can be used. At the farm scale, the relationship between 
isotopic signatures (δ13C values) of cow tail hair and of 
slurry with dietary proportion of maize and with the 
proportion of maize of the total utilized agricultural 
land proved to be fairly robust among a range of pro-
duction systems and soil landscapes. Generally, the 
composition of concentrate feeds should be considered 
in detail as well. Results suggest that an application of 
using isotopic signatures (δ13C values) is feasible under 
practice conditions.

Table 3 Proportion of maize of total utilized agricultural area per 
farm [%] for different soil landscapes in 2020

Soil landscape Maize / total utilized 
agricultural area [%]

Geestland 34.05 b

Peatland 8.56 a

Marshland 0.99 a
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Extending the application of isotopic signatures in cow tail 
hair with data from a previous study
The regression model on the relationship between the 
annual dietary proportion of maize and δ13C values in 
cow tail hair (Fig. 1A) in our study is very similar to that 
of Hammes et al. (2017): y = − 24.70 + 0.145x, R2 = 0.67, 
P < 0.001, and y = − 25.74 + 0.124x, R2 = 0.89, P < 0.001 for 
our study and for Hammes et al. (2017), respectively. The 
lower intercept and slightly steeper slope in the model 
of Hammes et  al. (2017) and the higher R2 might be 
explained by a greater sample size (six more farms) and 
the inclusion of data from suckler cow farms in Hammes 
et  al. (2017). Including suckler cow farms implies that 
there were more farms with no maize in the diet as maize 
is often not available and too costly for use in suckler cow 
production (Steinwidder and Häusler 2004).

To further extend and generalize our findings, we 
merged our data with those from Hammes et  al. (2017) 
(Fig.  3). In doing this, we also extended our own data, 
which ranged from moderate to intensive dairy produc-
tion systems, with the extensive feeding regime of suckler 
cows. The regression model for this extended data set on 
the relationship between the annual dietary proportion 

of maize and δ13C values in cow tail hair had an improved 
R2 of 0.70 and a narrower confidence interval for mean 
dietary proportion of maize (24%): −  22.02‰ (−  22.49, 
− 21.55). This implies that 70% of the variation in annual 
δ13C values of cow tail hair could be explained by the 
variation in annual dietary proportion of maize. A larger 
sample size usually implies a higher variation in produc-
tion systems and thus in feeding regimes (Clymo 2014; 
Webster and Oliver 1990). Thus, we would have expected 
a higher coefficient of determination of the merged data. 
In both studies, most farms had between 10 and 50% of 
maize in the diet, which might vary throughout the year 
depending on forage availability and quality. There are 
also physiological limits to the use of maize and concen-
trates. In this respect the data reflect the practice of dairy 
farming in Germany. Additionally, all farms from the 
dataset of Hammes et al. (2017) were located on predom-
inantly sandy soils in the North German Plain along an 
east–west gradient stretching almost the whole of Ger-
many. The soils are very similar to the soils in our Geest-
land soil landscape category.

We can conclude that, firstly, a replication of the 
method of using isotopic signatures (δ13C values) in cow 

Fig. 3 Combination of data presented here with data from Hammes et al. (2017). Relationship between δ13C (annual mean) values in cow tail hair 
and annual dietary proportion of maize. Each point refers to one study farm (A–Q) and symbols indicate feeding regime. Grey bands show 95% 
confidence interval. Additional data points from Hammes et al. (2017) do not have letters as farm-IDs. Year-round grazing only in the Hammes et al. 
(2017) data set
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tail hair as an indicator of the proportion of maize in the 
diet of dairy cows is feasible in practice and that, sec-
ondly, the inclusion of a wider range of differing produc-
tion systems is possible and leads to higher accuracy.

Conclusions
We have been able to confirm all three hypotheses as 
stated in the introduction. The use of δ13C isotopic meas-
urements of cow tail hair and cow slurry as an indicator 
of the proportion of maize in dairy cow diets provides 
replicable results under a wide range of conditions in 
practice. This suggests a general applicability in practice. 
The method can also be applied to clayey marsh soils, 
which are an important site for dairy cattle and grassland 
farming. The isotopic analysis of the cow tail hair and 
slurry also allows us infer information on the proportion 
of maize of the total utilized agricultural area per farm.
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