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Rationale: Carbon and nitrogen stable isotope time series performed in

continuously growing tissues (hair, tooth enamel) are commonly used to reconstruct

the dietary history of modern and ancient animals. Predicting the effects of

altitudinal mobility on animal δ13C and δ15N values remains difficult as several

variables such as temperature, water availability or soil type can contribute to the

isotope composition. Modern references adapted to the region of interest are

therefore essential.

Methods: Between June 2015 and July 2018, six free‐ranging domestic horses

living in the Mongolian Altaï were fitted with GPS collars. Tail hairs were sampled

each year, prepared for sequential C and N isotope analysis using EA‐IRMS. Isotopic

variations were compared with altitudinal mobility, and Generalized Additive Mixed

(GAMMs) models were used to model the effect of geographic and environmental

factors on δ13C and δ15N values.

Results: Less than half of the pasture changes were linked with a significant isotopic

shift while numerous isotopic shifts did not correspond to any altitudinal mobility.

Similar patterns of δ13C and δ15N variations were observed between the different

horses, despite differences in mobility patterns. We propose that water availability

as well as seasonal availability of N2fixing type plants primarily controlled horse hair

δ13C and δ15N values, overprinting the influence of altitude.

Conclusions: Our study shows that altitudinal mobility is not the main factor that

drives the variations in horse tail hair δ13C and δ15N values and that seasonal

change in the animal dietary preference also plays an important role. It is therefore

risky to interpret variations in δ13C and δ15N values of animal tissues in terms of

altitudinal mobility alone, at least in C3–dominated environments.
1 | INTRODUCTION

Nomadic pastoralism is a husbandry practice which consists in moving

livestock between different pastures in order to provide herd animals

with a continuous source of fresh graze.1 In mountainous regions,
wileyonlinelibrary.co
exploitation of pastures located at different elevations is commonly

observed in order to take advantage of seasonal variation in pasture

productivity. In general, highland pastures are exploited during the

summer months, when still easily accessible, and lowland pastures

during the winter months. Comfort can also drive mobility patterns,
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as herders can chose to move to valley bottoms during winter to

protect themselves from the cold winds.2 This basic model is of

course flexible and can change over time and space under the

influence of various ecological, environmental and socio‐political

factors such as graze availability, access rights, water availability or

pasture stocking rate.3-5 Therefore, documenting modern and

ancient mobility patterns of domestic animals is fundamental to

understanding the evolution of herding practices.

Animal mobility can be tracked by telemetry, e.g. with GPS

devices set on the animals, but this method remains expensive and

restricted to modern animals. An alternative approach consists in the

isotopic analysis of animal tissues. C and N isotopes are the most

commonly used isotopic systems. The δ13C and δ15N values of

plants vary widely and systematically across the globe in response to

environmental and climatic differences. They are incorporated into

animal tissues through diet, thus offering the possibility of tracing

the provenance of animals in isotopically contrasting environments.

When analysed sequentially in continuously growing tissues (i.e. hair,

horn, teeth), stable isotope time series can provide a quantitative

method to study the mobility of modern and ancient organisms both

domestic and wild.6-9 Among these tissues, hair has probably the

best potential because it grows rapidly and continuously and is

biologically inactive once formed. Controlled feeding experiments

have shown that it is possible to detect short‐term (daily) changes in

diet.8,10-12 Therefore, temporally resolved hair isotope records have

been used to explore fine‐scale spatial ecology of mammals.7,13,14

Under specific conditions, keratin, the protein constitutive of hair,

horn and hooves, can be preserved over several thousands of years

and be used for palaeoenvironmental and palaeocological

reconstructions.15

Altitude has an important impact on climatic and soil conditions,

and thus on primary production16,17 and plant degradation,18,19 and

consequently influences the C‐ and N‐isotopic composition of soils

and plants.20,21 Below, we briefly review the extant literature

regarding the effect of altitude on plant C‐ and N‐isotopic ratios and

its potential to reconstruct animal vertical mobility.

The major mechanism influencing the δ13C values of terrestrial

plants is the photosynthetic pathway used for fixing carbon: plants

using the C3 pathway have an average δ13C value of −26‰, while

plants using the C4 pathway have an average δ13C value of −12‰

and plants using the CAM pathway vary between those values.22,23

While CAM plants are not of high importance in Mongolia, the

vegetation is dominated by C3 plants, followed by C4 plants,

especially in southern Mongolia.24 C4 plants dominate in arid

environments characterized by high temperatures and brightness,

thanks to a higher water use efficiency, while C3 plants dominate in

temperate, humid and shaded environments.25 Those differences

trigger an increase in the relative proportion of C3 vs C4 plants with

altitude.26,27 This vertical stratification of vegetation has been

exploited to determine altitudinal mobility of modern and past

livestock through isotopic analyses of tooth enamel with ingestion of

C4 plants in lowlands during winter and C3 plants in highlands during

summer.26-29 It is noteworthy that in the case of domestic
herbivores, the increase in δ13C values during winter can also be

driven by the ingestion of 13C‐enriched fodder provided by the

herder and is not necessarily caused by altitudinal mobility.30-32 In

C3‐dominated environments, the range of isotopic variations is more

restricted. Nevertheless, several studies have documented an

increase in the δ13C values of C3 plants with altitude.33-39 This

pattern is related to high carboxylation rates relative to stomatal

conductance at high altitudes resulting in lower 13C

discrimination.35,39 This positive correlation can be recorded in the

δ13C values of animal tissues, such as hair.13 An opposite pattern

was reported in SW USA and in China.40,41 The higher plant δ13C

values measured at lower altitude were explained by increased

drought stress at lower elevations in these arid and semi‐arid

regions. Finally, several authors proposed that local climatic

factors could modulate the effects of water availability and hence

locally complicate the relationship between δ13C values and

altitude.37,42

Several studies have documented a decrease in plant and soil

δ15N values with altitude.39,42-44 This trend was attributed to the

decrease in mineralization and lower net nitrification rates at

higher altitudes induced by lower temperature and higher

precipitation.42-46 However, more complex trends have also been

observed. Indeed, Liu et al47 showed that the correlation between

plant δ15N values and altitude is negative below 1350m above sea

level (asl) and positive above 1350m asl. They explained this result

by the fact that plant δ15N values are controlled by precipitation

below 1350m asl, and by temperature above 1350m asl. More

recently, Szpak et al39 showed that the negative relationship

between δ15N values and altitude observed in Andean plants

disappears above 2000m asl and when precipitation exceeds

400mm per year. This complexity is explained by the fact that soil

nitrogen is affected by plant physiological and biogeochemical

processes, and not only by local microhabitat.21

This brief overview highlights the difficulty in predicting the

effects of altitude on plant δ13C and δ15N values as several variables

such as temperature, water availability or soil type can play a role.

Moreover, animal seasonal dietary preferences,48-50 or manipulation

of the diet by the herder, can further obfuscate this relationship. In

order to infer modern and past animal mobility based on isotopic

variations measured in their tissues it is therefore important to build

a modern reference for the region of interest. We investigated this

question by analyzing the δ13C and δ15N variations in tail hair of

domestic horses living in the Altai mountains of western Mongolia.

We hypothesized that δ13C and δ15N variations in horse tail hair are

correlated to mobility between pasture areas and altitude. The

studied animals were fitted with GPS collars which allowed us to

monitor their movements and to relate these observations to

isotopic variations. The primary purposes of this study were (i) to

test this hypothesis in a C3‐dominated environment and (ii) decipher

the effects of altitudinal mobility and other environmental and

ecological factors on C and N stable isotope variations in tail hair, to

better understand under which conditions these isotope tracers can

give information on altitudinal mobility.
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2 | EXPERIMENTAL

2.1 | Study area and sample collection

The study area is located at the northernmost part of the aimag

(province) of Bayan‐Ölgii in the sum (district) of Nogoonnuur

(Figure 1). Elevations range from 1500 to more than 4000m asl. A

north–south fault splits the landscapes in half with a lowland plain to

the east and the Altai Mountains to the west. The climate is strongly

continental with long, cold winters and short, hot summers. During

the study period (June 2015 to July 2018), monthly temperatures

averaged +18.0°C during summer (June–August) and –17.6°C during

winter (December–February) with extremes ranging from +34 to

−44°C. Average annual rainfall is 131mm with a maximum of

precipitation occurring during summer (meteorological station based

at Nogoonnuur village – Figure 1 – http://fr.climate.org). In the

winter, there is very low snowfall and most of the time no snow

cover at all. Open water is rare, and consists of few intermittent

streams. The vegetation consists of semi‐arid and alpine steppes and

is mainly composed of grasses, with a few forbs and bushes

exclusively near rivers in lowlands and valley exit. It is dominated by

Asteraceae such as Artemisia spp., Fabaceae such as Caragana spp.

and Poaceae, all of them using the C3 photosynthetic pathway.

Six horses (5 males and 1 female) were equipped with Globalstar©

GPS collars (Lotek Wireless Inc., Newmarket, ON, Canada) between

June 2015 and July 2018 (Table 1). Collars were programmed to record

their position every 13h. They also provided altitude and temperature

data. GPS monitoring lasted on average 580.5 d (min = 244, max= 896).

Monitoring was interrupted for a few months for two individuals, due

to technical problems (Figure S1, supporting information).
FIGURE 1 Map of the study area and its location in Mongolia (top left) w
interest [Color figure can be viewed at wileyonlinelibrary.com]
The horses belong to four different families of Kazakh‐Mongolian

nomadic pastoralists, with different mobility patterns. They moved

freely and were only brought back to the camp occasionally, when

needed. When palatable plants become scarce, horses move towards

other pastures, either by themselves, or directed by the herder.

Herders always keep the herd accessible in order to avoid theft and

to milk the females during summer and fall. During winter, horses

may be supplemented with fodder (usually harvested in August–

September). It was not possible to plan in advance which animals

would be supplemented. However, we recorded the periods where

the surveyed animals were foddered through interviews conducted

yearly with the herders. Three of the six animals were never

complemented during the study period, while the other three were

occasionally given some fodder for limited periods of time (Figure

S1, supporting information). Tail hair from each horse was collected

during immobilization operations on four different occasions (June

2015, September 2016, November 2017 and July 2018 – Table 1).

Tail hairs were stored in plastic bags (MiniGrip©; Apharetta, GA,

USA) until analysis.
2.1.1 | Hair sample preparation and stable isotope
ratio analysis

Heavy and long tail hairs were selected and cleaned following the

protocol published by O'Connell et al51 for keratinous tissues. Each

hair was sonicated twice for 10min in a solution of methanol and

chloroform (2:1, v/v), rinsed with distilled water and oven‐dried

overnight at 50°C. Individual hairs were serially sectioned into

7.5mm samples in order to maximize temporal resolution while

keeping enough material for C‐ and N‐isotope analysis. The 610
ith GPS fixes of the six monitored domestic horses and toponymy of

http://fr.climate.org
http://wileyonlinelibrary.com


TABLE 1 Characteristics of the GPS and hair data of the six study horses with GPS‐based mobility of six study horses. MCP area is the minimum
convex polygon estimate of pasture area.1 Sampled when a horse was not equipped with a GPS collar. One‐way ANOVA with Tukey's post‐hoc
HSD was used to compare the means of altitude between horses. N = number. *** = the average altitude of the individual is significantly (p‐
value < 0.05) different from that of all other horses. Detailed mobility patterns are provided in Figure S1 (supporting information)

Horse id Jk 1 Jk 2 Kb 1 Kj 1 Kj 2 Dl 1

Year of birth 2010 2009–2010 2007 1998 2013 2003

Sex M F M M M M

Start GPS 16/06/2015 30/11/2017 17/06/2015 19/06/2015 08/09/2016 16/09/2016

End GPS 29/11/2017 31/07/2018 08/08/2017 08/09/2016 29/07/2018 26/11/2017

N days 896 244 781 446 689 427

N GPS data 1299 421 1395 771 1256 775

Hair sampling date 16/06/2015 17/06/2015 08/09/2016 16/09/2016
05/09/2016 30/11/2017 18/09/2016 19/06/2015 27/11/2017 17/11/2017
30/11/2017 30/07/2018 19/11/2017 08/09/2016 30/07/2018 23/07/20181

Altitude (m.asl) Mean ± SD 2115 ± 476*** 2580 ± 477 2433 ± 432*** 2278 ± 459*** 2014 ± 356*** 2366 ± 138***

Max 2916.2 3215.6 3156.6 3154.2 3103.1 2813.8
Min 1449.5 1446.8 1205.2 1468.1 1428.6 1698.0

N pasture 6 5 4 4 5 3

N pasture changes 23 5 11 14 15 4

N pasture changes/year 9.4 7.5 5.1 11.5 8 3.4

Total MCP area used (km2) 434 237 328 104 164 65

Mean MCP area used by pasture (km2) 27.8 ± 24.3 27.1 ± 24.8 21.3 ± 17.9 11.6 ± 6.9 24.8 ± 24.0 14.1 ± 11.1

Average (± SD) nb days on pasture 36 ± 26 54 ± 58 59 ± 78 31 ± 18 43 ± 39 85 ± 80

4 LAZZERINI ET AL.
individual hair segments generated were weighed in ultralight tin

capsules (mass range 151–499 μg) and combusted in an elemental

analyzer (PyroCUBE; Elementar, Hanau, Germany) coupled in

continuous flow with an isotope ratio mass spectrometer from

Isoprime Ltd (Cheadle Hulme, UK) for C and N stable isotope

analysis. In‐house standards of casein calibrated against secondary

international standards from the International Atomic Energy

Agency, Vienna, Austria (IAEA‐CH3, IAEA‐CH6, IAEA‐N1, IAEA‐N2)

were analyzed every twelves samples as quality control. The long‐

term precision (SD) for the internal laboratory standard was better

than 0.20‰ (C) and 0.11‰ (N). Isotope data are presented in δ

notation [δ = (Rsample/Rstandard) – 1], with R the isotope ratio (13C/
12C, 15N/14N) of the sample or international standard (V‐PDB, V‐

AIR).

2.2 | Data analysis

2.2.1 | GPS‐based inference of mobility

GPS data were corrected for outliers and failed GPS readings. Horse

mobility was detected using the Lavielle's method,52,53 a method of

segmentation of time series of observations implemented in the R

package adehabitatHR.54 This method discriminates series of

successive locations (“segments”) during which movements happen

at the same spatial scale but between which movements happen at

different spatial scales. This allows the determination of changes in

animal movement, and hence to discriminate between small‐scale

movements (within each pasture, in this study) and large‐scale

movements among pastures. Due to the nature of the landscape and

after trials (where segmentation was based on x or y coordinates),
segmentation was based on altitude and each segment was

considered as a pasture, after visual validation. Pasture area was

estimated as the size of the 95% MCP (Minimum Convex Polygon)

of the corresponding segment (i.e. area of the smallest polygon

joining 95% of the innermost locations of a segment).

2.2.2 | Isotopically based inference of mobility

Hairs may grow at different rates within and between individual

horses. In order to compare isotopic and GPS data for different

individuals, it was first necessary to convert hair length

measurements into time (i.e. calendar dates). Growth rates (mm.d−1)

were determined for each individual horse by looking at overlapping

patterns of stable isotope variations in the hairs collected at the

different sampling periods. We divided the length between the root

and the match zones of the hairs by the period of time between

collection dates.55 The apical and basal boundaries of the match

zone provided respectively maximum and minimum estimates of

growth rates. We assumed that the growth rate was constant during

the study period.10,55

The isotope ratios of horse hair (δ15Nhair and δ13Chair values) were

converted into diet isotopic compositions (δ15Ndiet and δ13Cdiet values)

using the isotope turnover model developed by Ayliffe et al.10 This

model assumes that hair isotope ratios represent dietary inputs from

three pools with different half‐lives (0.5, 4 and 138 d) and fraction

contributions (41, 15 and 44%). We used the same turnover

parameters and a 3‰ diet‐hair enrichment factor for both

elements.10,56 Moreover, hair does not immediately record the

isotope composition of the new diet once formed, but only after the

new hair follicle reaches the skin surface.11 This time lag can vary
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from 6 to 15 d depending on the animal age and species.11,57 In the

case of horses, as the duration of this time lag had not been

documented, we subtracted 7 d following Zazzo et al.11

We used one‐way analysis of variance (ANOVA) withTukey's post

hoc HSD to compare the means of δ15Ndiet, δ13Cdiet variations

between horses, between seasons and between months separately.

We investigated animal mobility from isotopic temporal variations

by calculating the first derivative of carbon and nitrogen isotope

compositions, d(δ13Cdiet) and d(δ15Ndiet) in ‰/day (Figure S2,

supporting information). We considered that values of d(δ13Cdiet) or

d(δ15Ndiet) larger than 1σ (standard deviation, estimated over the

whole time‐series of d(δ13Cdiet) and d(δ15Ndiet)) indicated a significant

mobility.7 We compared those d(δ13Cdiet)‐ and d(δ15Ndiet)‐inferred

mobilities with the changes of pastures inferred from the analysis of

the GPS data. We considered that isotope‐inferred mobility matched

GPS‐inferred mobility when a significant shift was simultaneous with

a change of pasture inferred from the GPS data. In the case of a

significant isotopic shift which covers several samples, we only

considered the first sample of the series.
2.2.3 | Testing the effects of mobility and the
environment on isotopic ratios

We investigated the effect of geographic and environmental variables

on isotopic variations. Based on GPS data, we calculated the means of

different variables over each horsehair segment: altitude, latitude,

longitude, temperature; we also estimated 10‐day averaged values of

NDVI (Normalized Difference Vegetation Index) as a proxy of

photosynthetic activity.58 The NDVI raster had a 300m resolution,

and was freely generated by the land service of Copernicus, the

Earth Observation program of the European Commission.59 In each

raw raster, all flag values (Missing, Cloud/Shadow, Snow/ice, Water)

were replaced with NA values. A Pearson's correlation matrix was

computed with R to assess dependency between variables. This test

triggered the exclusion of longitude and temperature from the

predictive variables. All the other correlations were lower than 0.23.

Generalized Additive Mixed Models (GAMMs) were used to model

the effect of geographic and environmental factors on the spatio‐

temporal variations of the stable isotope composition of diet using

Gaussian distribution. Non‐linear relationships were used to reveal

cyclic seasonal variation of δ13Cdiet and δ15Ndiet values. GAMMs

were implemented in R using the package gamm4.60 Models

explaining δ13C and δ15N variations of diet were fitted with the

following predictor variables, Julian day (using a cyclic spline),

altitude, latitude, NDVI. To account for inter‐individual variations,

models included ‘individual’ identity as a random effect. We also

included an autoregressive model for errors (argument

correlation = corARMA to the gamm function (package: mgcv) to

account for the presence of temporal autocorrelation in the isotopic

data. We rescaled data because some predictor variables were on

different scales. We checked the normality of our data. We

proceeded to a backward model selection based on AIC (Akaike

information criterion). Histograms and QQ plots were used to
inspect residuals for normality and independence. All data analyses

were conducted in R (version 3.4.4).
3 | RESULTS

3.1 | Altitudinal mobility inferred by GPS

Lavielle's segmentation of GPS data indicated that the horses moved

between 3.4 and 11.5 times per year during the study period

(mean = 7.5, s.d. = 2.9). The study animals spent between 31 and

85 d on each pasture (mean = 51.3 d, s.d. = 19.6, median = 30 d), and

used a mean area ranging from 65 to 434 km2 (mean = 221.9 km2, s.

d. = 140.2) (Table 1). All the horses but one (Dl 1) displayed an East–

West spatial movement pattern (Figure 1) with sharp altitudinal

mobility between the eastern depression (1205–1468m asl) and the

western mountain pastures (up to 2800–3215m asl). Horse Dl 1

remained at a high altitude of 2366 ± 138m asl during the study

period (see Figure S1, supporting information, for detailed data).
3.2 | Tail hair carbon and nitrogen isotope ratios

The tail hair growth rate varied between 0.50 and 0.85mm.d−1 with a

mean of 0.69 ± 0.11mm.d−1 (see Table S1, supporting information). As

a result, the 7.5mm increments taken on each tail hair represented an

average period of 11.1 ± 1.9 d (ranging from 8.8 to 15 d).

Summary statistics are given in Table S1 (supporting information).

The δ13Cdiet values were not statistically different among horses

(Tukey HSD p‐value >0.05). The intra‐individual variability ranged

between 3.2‰ (Dl 1) and 6.0‰ (Kb 1) (Table S1, supporting

information). We observed a very good agreement in δ13Cdiet values

between different hair from the same individual (Figure 2) and

limited (≤2‰) differences between hair from different horses from

the same herder (Jk 1 vs Jk 2; Kj 1 vs Kj 2). Overall, the annual

variability in δ13Cdiet values was 6.0‰ (between −30.2‰ and

−24.2‰, Table S1, supporting information). The summer δ13C values

were significantly lower than those in the other seasons

(−27.9 ± 0.7‰; p‐value <0.001; n = 149; 21 June to 2 September),

with a minimum value in August (−28.3 ± 0.7‰, p‐value <0.05,

n = 37 – results not shown). On average, winter showed the highest

δ13C values (−27.2 ± 0.6‰) but these values did not significantly

differ from those in spring (−27.3 ± 1.0‰) and autumn (−27.4 ± 0.8‰).

There was no statistical difference in δ15Ndiet values between the

different individuals (Tukey HSD; p‐value >0.05). There was a good

agreement in N‐isotope ratios between hair from the same

individuals (Jk 1, Kb 1; Dl 1, Kj 2 – Figure 3) and also between

different individuals of the same herd. Intra‐individual variability of

δ15Ndiet values varied between 4.6‰ (Jk 1) and 10.6‰ (Dl 1).

Overall, the annual variability in δ15N values was 10.6‰ (between

−2.1‰ and +8.5‰; Table S1, supporting information). The N‐isotope

composition was not statistically different between seasons. The

lowest δ15Ndiet values were recorded in July (+2.1 ± 1.8‰, p‐value



FIGURE 2 Diet carbon isotope profiles of
tail hair of six GPS‐monitored horses. Each
panel represents a different herder (A–D),
each color a different tail hair and each
symbol a different horse. To ease comparison,
pastures identified by Lavielles segmentation
of altitudinal data are also reported, with
letters at the bottom of each panel (one
letter = one pasture). E, Mean NDVI (black

line) temporal variations in the study area,
with standard deviation (dashed line). Grey
shadings represent similar patterns in several
hair profiles [Color figure can be viewed at
wileyonlinelibrary.com]
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<0.05, n = 55 – results not shown) and were surrounded by the highest

δ15Ndiet values, measured in May and September.
3.3 | Correlation between isotopic shifts and
altitudinal mobility

In total, GPS tracking allowed the detection of 80 altitudinal mobilities;

53 significant carbon isotopic shifts were identified for all horses

(Table 2), including 18 that matched a change of pasture inferred
from the GPS data. The analysis of d(δ13Cdiet) values hence allowed

us to detect 22.5% of the 80 changes of pasture inferred from the

GPS data for all the horses, ranging from 0% (Jk 2) to 34.8% (Jk 1)

(Table 2). The analysis of d(δ15Ndiet) values also identified 54

significant isotopic shifts for all horses; 16 (20%) shifts were linked

with an altitudinal mobility inferred from the GPS data for all the

horses, ranging from 0% (Dl 1) to 38.5% (Kj 1). The C‐ and N‐

isotopic shifts were synchronous on 14 occasions. The combination

of the d(δ13Cdiet) and d(δ15Ndiet) values allowed the detection of

38.8% of the 80 changes of pasture recorded in all individuals,

http://wileyonlinelibrary.com


FIGURE 3 Diet nitrogen isotope profiles of
tail hair of six GPS‐monitored horses. Each
panel represents a different herder (A–D),
each color a different tail hair and each
symbol a different horse. To ease comparison,
pastures identified by Lavielles segmentation
of altitudinal data are also reported, with
letters at the bottom of each panel (one
letter = one pasture). E, Mean NDVI (black
line) temporal variations in the study area,
with standard deviation (dashed line). Grey
shadings represent similar patterns in several

hair profiles [Color figure can be viewed at
wileyonlinelibrary.com]
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varying individually from 18.2% (Jk 2) to 69.2% (Kj 1). Among the 107

isotopic shifts detected by either C‐ or N‐isotope ratios, 76 (71%)

were not linked with an altitudinal mobility.
3.4 | Factors influencing carbon and nitrogen stable
isotope ratios

The stable isotope ratios measured along tail hairs and their

corresponding date, latitude, longitude, altitude, NDVI and
temperature are provided in Table S2 (supporting information). The

AIC scores of the different GAMM models are provided in Table S3

(supporting information). The autoregressive model for temporal

autocorrelation was not selected in the final models.

The best GAMMmodel investigating variation in δ13Cdiet values in

tail hair included Julian day, Latitude and NDVI as the only predictors

(Table 3). The cyclic smooth term on Julian day was significant

(Figure 4A, Table 3). The predicted values of Julian day on the

δ13Cdiet values showed a strong annual cycle (Figure 4A) with inter‐

annual variability. This seasonal cycle was characterized by a rapid

http://wileyonlinelibrary.com


TABLE 2 Summary of isotopic vs GPS inferred mobility. Each ratio represents the number of mobilities inferred through a significant isotopic
shift over the number of changes of pasture inferred by GPS tracking. The number of significant isotopic shifts not associated with a change of
pasture is also given. The analysis was done for each horse and for each herder (who had more than one horse monitored). Detailed results are
provided in Figure S2 (supporting information)

Horse

Significant
shift of δ13C
values linked
with mobility

Significant
shift of δ15N
values linked
with mobility

Significant
shift of δ13C
and δ15N
values linked
with mobility

Number of significant isotopic shift not linked with change of
pasture

For δ13C values For δ15N values

Jk 1 8/23 (34.8%) 3/23 (13.0%) 9/23 (39.1%) 4 13

Jk 2 0/11 (0%) 1/11 (9.1%) 1/11 (9.1%) 7 9

Kb 1 2/10 (20%) 3/10 (30%) 4/10 (36.4%) 6 4

Dl 1 1/4 (25%) 0/4 (0%) 1/4 (25%) 2 3

Kj 1 4/13 (30.8%) 5/13 (38.5%) 9/13 (69.2%) 6 3

Kj 2 3/19 (15.8%) 4/19 (21.1%) 7/19 (36.8%) 10 6

Total 18/80 (22.5%) 16/80 (20%) 31/80 (38.8%) 35 38

Total without pastures < 11 days 17/71 (23.9%) 14/71 (19.7%) 29/71 (40.8%) ‐ ‐

Herder

Jk 8/29 (27.6%) 4/29 (13.8%) 10/29 (34.5%) 11 18

Kj 6/27 (22.2%) 9/27 (33.3%) 14/27 (51.9%) 16 9

TABLE 3 Summary of GAMMs investigating the effects of geographical, temporal and environmental variability in δ13Cdiet and δ15Ndiet values.
The estimates and significance of terms are shown for the best model fit

Model terms

Parametric coefficients Approximate significance of smooth terms

R2 AICEstimate SE t p Df Rank F p

δ13Cdiet

Intercept −0.05 0.15 −0.33 0.74 0.47 708.4

Latitude 0.28 0.12 −2.41 0.02

NDVI −0.08 0.10 −0.83 0.41

s (Julian date, k = 30) 19.47 19.47 10.02 <2e‐16

δ15Ndiet

Intercept −0.02 0.14 −0.18 0.86 0.45 702.18

Altitude −0.19 0.06 −2.93 0.004

NDVI −0.02 0.10 −0.24 0.81

s (Julian date) 27.64 27.64 5.11 5.7e‐14
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summer (June–September) decrease followed by a slow autumn to

spring increase in δ13Cdiet values, with the exception of winter

2017/2018 where the increase in δ13Cdiet values was rapid. Finally,

δ13Cdiet values were positively correlated with latitude (Figure 4B)

and negatively correlated with NDVI (Figure 4C).

The best GAMM model investigating variation of δ15Ndiet values

in the tail hairs included ‘Julian day’, altitude and NDVI as predictors

(Table 3). The cyclic smooth term on ‘Julian day’ was significant

(Figure 5A, Table 3). The predicted values of δ15Ndiet showed an

annual cycle (Figure 5A) with inter‐annual variability. This annual

cycle was characterized by important summer variations (amplitude

~2–3‰), with a rapid decrease from June to mid‐summer and

followed by a strong increase from mid‐summer to September.

Winter and autumn were mainly characterized by low δ15Ndiet values

with little variations. The predicted effect of NDVI on δ15Ndiet values

was weak (Figure 5C). Finally, δ15Ndiet values were negatively

correlated with altitude (Figure 5B, Table 3).
4 | DISCUSSION

The C and N stable isotope ratios of tail hair recorded several

significant variations over the study period. However, less than 40%

of the animal altitudinal movements were correlated to either C‐ or

N‐isotopic shifts, and the majority (71%) of the significant isotopic

shifts were not correlated with altitudinal mobility. A significant

isotopic change is hence not necessarily related to altitudinal

mobility. Moreover, despite differences in the horse mobility

histories, we observed similarities in their pattern of C‐ and N‐

isotope variations (Figures 2 and 3), suggesting that factors other

than altitude alone, such as weather events, influence plant isotopic

composition. Despite this, a negative correlation was found between

δ15Ndiet values and altitude, including the one horse (Dl 1) with a

reduced vertical mobility (<200m) (Figure 5B). In the discussion

below, we will first focus on the potential error on growth rate,

which can affect the time assignment of our data. We will then



FIGURE 4 Smoother plots showing the relationships between
predicted of δ13Cdiet values from the GAMM model and Julian day
(A – Smooth term), latitude (B) and NDVI (C). Grey shadings represent
the 95% confidence interval. Tick marks at the bottom of each graph

indicate sample points
FIGURE 5 Smoother plots showing the relationships between
predicted of δ15Ndiet values from the GAMM model and Julian day
(A – Smooth term), altitude (B) and NDVI (C). Grey shadings represent
the 95% confidence interval. Tick marks at the bottom of each graph
indicate sample points
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discuss the different factors driving change in the δ13C and δ15N

values of tail hair.
4.1 | Time assignment and resolution of the isotopic
record

We measured a mean tail hair growth rate of 0.69 ± 0.11mm.d−1

(Table S2, supporting information). This range of values is similar to

those previously reported in domestic horses or wild equids.8,10,61-63

Potential variability in the growth rate of a unique hair could reduce
the temporal precision of chronologies, given the high frequency of

mobility of some individuals, as well as the correlation between

different hairs, dampening the peaks of existing seasonal patterns.

Auerswald et al64 showed that season and animal age had an impact

on the tail hair growth of cattle. They found that the growth rate

was slower in winter than in summer and decreased with increasing

age. This is in contradiction to the results of other studies showing
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that hair growth rate could be considered as constant over a year with

no clear seasonal signal8,55,62 In our study, growth rates were

calculated independently for each hair. We observed an agreement

between the isotopic profiles from different individuals from the

same herd (and the same mobility pattern e.g. Jk 1 and Jk 2), but

also for horses from different herds (Figures 2 and 3). This suggests

that the assumption of a constant growth rate at the individual hair

level is reasonable, regardless of the time of year or the age of the

animal, and that this parameter has little impact on the temporal

accuracy of our time line.

In addition to hair growth rate, the temporal resolution of our

isotopic records (i.e. the timespan represented by each hair

fragment) is mainly determined by the length of each fragment.

Because a minimum sample mass is needed for isotopic analyses, the

fragment length chosen was ~7.5mm. The variability in growth rate

between hairs of the same individuals8 precluded the combination of

multiple hairs (which would have allowed a reduction of fragment

length for the same mass). However, the duration of the stay in

most pastures (median = 30 d) was larger than the isotopic resolution

(11.1 ± 1.9 d) and only nine pastures were used for a duration

shorter than or equal to 11 d. The removal of these short‐term

pastures only marginally increased the proportion of pasture changes

identified by isotopic shifts (Table 2). We are therefore confident

that the temporal resolution of our isotopic records was appropriate

to detect pasture changes.
4.2 | Environmental control on variations in hair δ13C
values

We did not find any influence of altitude on the variation in δ13Cdiet

values. This result is somewhat surprising because several studies

have shown the existence of an altitudinal gradient in the carbon

isotopic composition of plants.13,34,38,40-42 However, this is in good

agreement with Burnik‐Sturm et al14 (Table S2, supporting

information, and personal communication, May 13, 2019), who did

not find any altitudinal effect on the δ13C values of C3 plants

(Artemisia sp. and Stipa sp. – from 1600 to 2800m. asl) in the

Dzungarian Gobi in south‐western Mongolia. In arid and semi‐arid

regions, drought stress is the most significant factor controlling plants

δ13C values, with higher drought stress in lowland than in high

altitude, leading to a decrease in plant δ13C values with altitude.40,41,65

We propose that animal feeding ecology could mask the relationship

between plant δ13C values and altitude. Indeed, the horse's diet is

very selective and can vary seasonally.48,66 It is mainly composed of

grasses, but can also include trees and shrubs. When domestic horses

were grazing in lowland pastures, they remained preferentially near

rivers or humid areas (i.e. Moin in Figure 1) and had access to grasses,

trees and shrubs. On the contrary, when at high altitude they only had

access to grasses. The relationship between plant δ13C values and

altitude seems less pronounced for grasses than for trees or forbs, and

this could also explain our results.33 Finally, the observed influence of

latitude on δ13Cdiet values could also be explained by local differences
in water availability between the northern and southern ends of the

lowland areas. Indeed higher δ13Cdiet values (mean = −27.1 ± 0.1‰)

were measured for the two horses (Kj 1 and Kj 2; mean

latitude = 49.83 ± 0.03°) which spent more time near Burgast, than for

the other four horses (mean = −27.6 ± 0.3‰ – Table S1, supporting

information) which were located further south in Moin (mean

latitude = 49.71 ± 0.03°).

Horse tail hairs showed a cyclic seasonal pattern characterized by

high winter and low summer δ13Cdiet values (Figure 4A). This pattern

has been described elsewhere in the literature, and is often

interpreted as reflecting a seasonal change in the relative proportion

of C3 vs C4 plants in the diet, either through direct consumption of

perennial C4 plants during winter,14,29 C4 winter foddering,30,67,68 or

because of animal altitudinal mobility and the decrease in the relative

abundance of C4 taxa with increasing elevation.26,67,69,70 Here, the

average δ13Cdiet values range between −30.2‰ and −24.2‰,

suggesting that the horses' diet was essentially composed of C3 plants

as expected for a mountainous steppe environment in central

Asia.24,71 Thus, we cannot invoke the influence of C4 plants in the diet

to explain the seasonal pattern observed in the domestic horses of the

Mongolian Altai. In a C3 environment, several factors influence the

carbon isotopic composition of plants. The C‐isotope ratios of C3

plants vary on a seasonal scale (1–2‰), with the highest values

occurring during the warm/dry season and the lowest values

occurring during the wet/cold season.72-74 In a semi‐arid environment,

like the Eurasian steppe, water availability is the main factor

controlling plant δ13C values, with more negative values associated

with higher water availability.23,42,75-78 Indeed, during periods of

water stress, C3 plants limit water losses by closing their stomata

involving a decrease in CO2 fixation, leading to a 13C enrichment of

the leaves.78-81 When water availability increases, water use

efficiency decreases and this results in a decrease in leaf δ13C

values.23,79,80 In western Mongolia, most of the precipitations occur

during summer and it is accompanied by snowmelt from high altitude,

which begins in late spring at the same time as the growing season

(NDVI – Figure 2E). This could explain the minimum δ13Cdiet values

recorded in summer. Moreover, during periods of active growth,

photosynthesis is more efficient at using the13C isotope which causes

an increase in δ13C values.79 The increase observed in April/May,

simultaneous with rapid increase of NDVI, before summer

precipitation, could therefore be explained by this mechanism. The

increase in δ13Cdiet values during winter cannot be explained by the

lack of water availability, as there is no more photosynthesis (NDVI

near 0 – Figure 2E). A strong decrease in photosynthetic capacity

occurs during plant senescence. No difference in δ13C values between

senescent leaves and green leaves has been established so far; thus,

plant senescence (observed in winter) cannot explain this pattern

either.82,83 However, different parts of a plant may differ in their δ13C

values,84,85 with roots and stems being more13C‐enriched than

leaves.85 During winter, horses cannot be as selective as they are

during summer and possibly have to eat the stems by digging through

snow with their sharp and strong hooves, hence potentially explaining

the increase in δ13Cdiet values during this period.
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We also observed inter‐annual variability in δ13Cdiet values with a

larger amplitude in 2016 than in 2017 (Figure 4A). If water availability

is the main factor of variations in δ13C values, these results should

translate into inter‐annual variations in the precipitation patterns

with more precipitation in 2016 (larger13C depletion in 2016 than in

2017). The amount of rain at the Nogoonnuur station was not larger

in 2016 (118 and 169mm in 2016 and 2017, respectively – available

at: http://www.infoclimat.fr), but snow cover was much higher in

March 2016 than in March 2017 (995mm vs 5mm, respectively).

This difference in snowfalls could lead to higher water input into

rivers and soils during summer 2016 and ultimately to lower plant

δ13C values not only during summer, but also in the following

winter. Interviews with herders confirmed this inter‐annual

difference in climate and vegetation growth between the two years

(data not shown). However, we are aware that the survey period is

too short to build strong inferences and that more work would be

needed to ascertain this conclusion.
4.3 | Environmental control on seasonal variation in
hair δ15N values

The large and synchronous variations measured in tail hair δ15N

values indicate that this tissue is able to record seasonal variation

in plant isotopic composition at the regional scale. Plant δ15N

values are highly sensitive to variations in environmental factors

and plant physiology, such as water and N availability, pathway of

N assimilation, source of nitrogen and whether N is acquired

directly from the soil or through symbiotic relationships with

mycorrhiza. As a result, δ15N values can vary drastically between

different microhabitats.21,45,84,86 The water input from snowmelt

occurs during late spring and early summer and is synchronous

with the start of the growing season (NDVI – Figure 3E).

Snowmelt may bring an important water supply in soil, increasing

water at both valley bottoms and rich pastures soils at higher

altitude. Increased water availability in soils increases soil

denitrification and N loss, driving the overall ecosystem δ15N

values upwards. This could explain the increase in δ15N values

measured in spring, synchronous with the decrease in δ13Cdiet

values. In turn, the general decrease in tail hair δ15N values

between October and December could be explained by soil

mineralization and nitrification in relation with a decrease in water

availability.77,87 It is noteworthy that the observed 15N enrichment

in late winter/early spring could also be explained by animal

weight loss during this time period,88,89 but since we did not

monitor this parameter it is not possible to test this hypothesis.

The sharp (ca 3–5 per mil) decrease in δ15N values, observed for

all animals in May–June (followed by an increase of the same

magnitude in July–August), is somewhat more complicated to

explain. In July, all the animals were grazing in high altitude pastures,

and the low δ15N values measured are responsible for the negative

correlation between δ15Ndiet values and altitude (Figure 5B) in line

with conclusions from other studies.13,39,42,90 However, this spike is
also recorded for the one horse (Dl 1) with no or very limited

vertical mobility (<200m) and is rapidly (ca 1month later) followed

by a sharp increase in δ15Ndiet values that is not observed in δ13C

values.

Climatic factors are not likely to explain this phenomenon because

it is too rapid and it would also affect plant δ13C values. Therefore, this

isotope spike, which occurs when pasture productivity is at its highest

(Figure 3E), seems more related to the fact that all animals had access

to a different type of plants for a limited period of time in June–July

rather than to mobility between different pastures itself. In order to

explain this abrupt decrease in diet δ15N values, we propose that the

horses had access to N2‐fixing plants (e.g. such as Fabaceae) during

early‐summer as the δ15N values of plants that rely on N2 fixation

are usually near 0‰ reflecting atmospheric isotopic ratios..21

Preferential consumption of plants of the Fabaceae family during

summer has been observed in the Przewalski's horse living in eastern

Europe.48 It is noteworthy that several species belonging to the N2‐

fixing plant family Fabaceae, such as Caragana spinosa, Caragana

bungei or Caragana pygmae, were identified in the study area

(preliminary identification by Prof. Oyuntsetseg Batlai, personal

communication). Isotopic analysis of four Caragana sp. samples taken

during the June 2015 fieldtrip (δ15N = 0.8 ± 1.8‰) confirms their N2‐

fixing status. Other Fabaceae, such as Medicago sp., Thermopsis sp.,

Glycyrrhiza sp. and Oxytropis aciphylla, are also consumed by horses

in summer.91,92 Medicago sp. (clover) is abundantly consumed by

horses, and can be found in the Mongolian Altai.91,92 N‐isotope

ratios close to zero are measured in every horse, and, thus, an

important increase in the proportion of N2‐fixing plants in the

horse's diet during a short period of maximum productivity could

explain the decrease observed in tail hair δ15N values. Direct

observation of the horse dietary preferences would be necessary to

confirm this hypothesis.
5 | CONCLUSIONS

Despite the fact that Mongolian horse tail hair exhibits seasonal

variability in δ13C and δ15N values, few significant isotopic shifts

matched with changes of pasture, showing that a significant isotopic

change is not necessarily related to an altitudinal mobility in the

strong continental climate and C3‐dominated environment of

western Mongolia. At first order, we propose that variations in δ13C

and δ15N values were influenced by seasonal change in soil moisture

rather than altitudinal mobility or winter foddering as proposed in

the literature. We also found a correlation between the δ15N values

of tail hair and altitude but because a similar pattern of low summer

δ15N values was found for a horse with no or very little altitudinal

mobility, we propose that short‐term diet switches occurring at high

altitude rather than altitudinal mobility per se are responsible for the

observed N‐isotope shift. Hair has received increased interest as an

archive of past animal life cycle. Because of its extensive

management system, the Mongolian horse is a good animal model to

http://www.infoclimat.fr
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study past herding practices provided that the complexity of the

factors driving the isotope record is not overlooked.
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