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(Chontoev and Bazhanova 2021; Haag et al. 2019; Hu et al. 
2014) and modeled (Lioubimtseva and Cole 2006; Liu et al. 
2020) research data show the average temperature increase 
by 0.3 to 1.0 °C in Central Asia during the last 60 years. The 
predicted (Chontoev and Bazhanova 2021) research data 
show the average temperature will increase by 1.4 to 2.4 °C 
in 2100. Central Asian countries are prone to droughts due to 
the semi-arid climate of the region and are therefore affected 
more severely by climate change induced weather-pattern 
changes (Jiang and Zhou 2023). The temperature increase 
along with the altered precipitation may affect ecosystems 
and plants and therefore may alter food quantity and quality 
(Cowles et al. 2018; Raj et al. 2022; Raza et al. 2019). The 
expected changes in temperature in Kyrgyzstan in particular 
in the walnut-fruit forests may influence walnut plant physi-
ology (Luedeling et al. 2011) and thus fruit quality (Alae-
Carew et al. 2020; Christopoulos and Ouzounidou 2021), as 

1  Introduction

Climate change with global warming and effects on ecosys-
tems has become an important research topic. Many stud-
ies are focusing on temperature increases around the world 
because climate change results in temperature increase, 
which is also pronounced in Central Asia. The observed 
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Abstract
Background and Aims  Climate change causes altered precipitation patterns and temperature increases, which may affect 
food quantity and quality. In Kyrgyzstan anticipated temperature changes are expected to influence the physiology of wal-
nuts (Juglans regia L.) and soil properties relevant to plant nutrition, thereby impacting walnut fruit quality. This study 
explores the relationship between plant available nutrients in soil and walnut fruit nutrient content as affected by future 
temperature changes.
Methods  The soil samples were collected in the walnut forests of Southern Kyrgyzstan from top- and subsoils at three eleva-
tion levels (1000, 1300, and 1600 m above sea level). The walnut samples were collected from the same sampling sites and 
both soil Mehlich-3 extracts and acid digests of walnut fruits analyzed by ICP-OES.
Results  The results revealed no consistent relationship between Mehlich-3 extractable elements and walnut extractable ele-
ments, except for a weak negative correlation with zinc (Zn). Stronger relationships were observed among soil elements, 
but no clear associations with elevation levels were found. The walnut kernel ionome exhibited differences, particularly in 
calcium (Ca) and potassium (K) concentrations, with the low elevation site showing higher Ca and lower K concentrations 
compared to the high elevation site.
Conclusions  Differences in average temperature as caused by elevation did not affect available plant nutrients in the soil but 
altered the walnut kernel ionome and thus affected the walnut quality in the investigated forest systems. Future investigations 
should focus on climate change effects, such as altered precipitation patterns and drought, which may impact walnut fruit 
development and kernel properties.
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well as soil processes (Brevik 2013; Mekonnen et al. 2018), 
such as mineralization and therefore plant nutrition. These 
forests play an important role for locals and internationally 
represent an important resource contributing to the goals of 
Convention on Biological Diversity (CBN), which is to con-
serve and protect biodiversity, especially genetic diversity of 
ancestral strains of nut tree species (Cantarello et al. 2014; 
Temirbekov 2010). Increasing temperatures in Kyrgyzstan 
thus might result in changes of walnut quality in general and 
in particular in their nutrient content. Soil properties influ-
ence nutrient uptake of walnuts trees (Fortier et al. 2020). 
Roots take up nutrients from the soil solution mainly as 
inorganic ions. The rate of nutrient uptake is determined by 
the concentration near the root. Although the rate of nutrient 
uptake is unrelated to the rate of water uptake, the concen-
tration of nutrients at root surfaces is highly dependent on 
soil water content (Burley 2004).

Over the last four decades, changes in plant and soil 
nutrient concentrations along altitudinal gradients have been 
intensively studied (Grubb 2003; Körner 1989; Sundqvist et 
al. 2013). The microbial and chemical properties of soils 
along an elevation gradient did not show any differences 
between sites from Kyrgyz walnut-fruit forests with simi-
lar vegetation (Oskonbaeva et al. 2023). The plant available 
nutrients from the same ecosystem studied by Meisen et al. 
(2021) along an elevation gradient also did not show an alti-
tudinal trend, where likely the similarity in vegetation was 
the driving factor for soil processes.

Researchers have assumed that soil organic carbon 
(SOC) concentration may increase while soil nutrient avail-
ability may decrease with increasing elevation because low 
temperatures at higher altitudes are likely to limit decom-
position and other soil microbial processes (Sundqvist et 
al. 2013; Vincent et al. 2014). Higher temperatures may 
accelerate nutrient release from soil, potentially impacting 
walnut chemistry. Increased metabolic activity in plants due 
to rising temperatures could also influence nutrient uptake 
by walnuts. Soil depth is another factor affecting nutrient 
cycling and nutrient availability (Jobbágy and Jackson 
2001; Li et al. 2022). The nutrient availability differs with 
soil depth, because SOC content decreases with depth which 
limits storage of some nutrients, such as N.

Elevation gradients can act as proxy of future tempera-
ture increase, assuming that the temperature at low eleva-
tion will reperesent the temperature of high elevation in the 
future. The walnut-fruit forest in Southern Kyrgyzstan is a 
unique ecosystem with a long vegetation history and was 
chosen as the research area. Three different sites at three 
different elevation levels were chosen with same exposition, 
similar vegetation, similar geology, and no long term differ-
ences in precipitation.

The objective of our study was to investigate the influ-
ence of available nutrients in the soil on the element content 
of walnut fruits (Juglans regia L.) in the walnut-fruit forest 
of Southern Kyrgyzstan at three different elevation levels. 
The following two questions were investigated using an ele-
vation gradient between 1000 and 1600 m above sea level:

(i)	 Is there a relationship between soil extractable elements 
and walnut element concentration?

(ii)	 Are there differences between elevation sites in nutri-
ent uptake, assuming that there are nutrient mobilisa-
tion and uptake processes affected by temperature 
differences?

2  Materials and Methods

2.1  Study Area

The investigation area is situated in the Jalal-Abad region 
on the slopes of the Fergana and Chatkal mountain ridges in 
southern Kyrgyzstan (Fig. 1). The investigated walnut-fruit 
forest is located on the south-western Tien Shan between 
41o25´ to 41o39`N and 72o88´to 73o06´E. The study area is 
located in the major forestry districts (village name): Achi 
(Charbak), Kyzyl-Unkur (Kyzyl-Unkur) and Arslanbap 
(Jay-Terek), with sampling sites on south-east slopes, where 
a continental subtropical climate prevails. In the region, the 
long-term average minimum temperature is -18 ºC in winter 
and the average maximum is 26 ºC in summer. The long-
term average temperature (1983–2004) was 9.2 °C (Winter 
et al. 2009).

The vegetation of the walnut forests is dominated by wal-
nut (Juglans regia L.) combined with hawthorn (Crataegus 
turkestanica Pojark.), and wild apple (Malus sieversii var. 
Kirgizorum). According to Sakbaeva et al. (2013) gray, 
gray brown, gray dark brown, chestnut-hued and brown 
soils, which correspond to Mollisols according to the World 
Reference Base (WRB 2022) are common on the mountain 
slopes between 1000 and 2500 m asl in the region.

2.2  Sampling and Storage

The walnut and soil samples were collected in October 2019 
at three different elevations, which ranged from 1000 m to 
1600 m asl (Charbak at 1000 m asl, Kyzyl-Unkur at 1300 m 
asl and Jay-Terek at 1600 m asl). The average daily tem-
peratures of the study sites at 1000, 1300, and 1600 m above 
sea level (asl) are 23.5 ºC, 22 ºC, and 20 ºC in July as well 
as -1.2, -2.1, and − 3.2 ºC in January, respectively. The 
majority of the annual precipitation, which ranges from 700 
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to 1000 mm at an elevation of 1000 to 2000 m asl, occurs 
during spring and winter (Sakbaeva et al. 2013). At every 
elevation in an area of 500 m², 10 trees per sampling site on 
the south-east slopes were randomly chosen with a mature 
walnut tree as central point. Twenty five fallen walnuts from 
each of ten representative individual trees were collected 
for kernel analyses. The nut samples were air dried and 
stored at 4  °C until analysis. After physical analysis ker-
nels were ground and frozen at -18  °C. The soil samples 
were taken from the mineral topsoil at 0–30  cm and the 
subsoil at 30–60  cm depth with a soil corer during moist 
soil conditions. At every tree, ten sub-samples were taken 
by starting half-way between the trunk and the outer crown 
part and walking in a star-shaped circle around the tree. The 
sub-samples were mixed forming one replicate soil sample 
per tree per depth. The soil samples were stored in plastic 
bags at 4 °C. All soil samples were sieved (< 2 mm) prior to 
analyses and air-dried where necessary.

2.3  Walnut Physical and Chemical Properties

The physical properties such as length, width, thickness 
and shell thickness of 25 walnut fruits from each tree were 
measured using a vernier caliper. The mass of walnut fruits 
and kernels were measured with a digital electronic balance 
(sensitivity 0.01  g). The sphericity and geometric mean 
diameter (Dg) were calculated according to Altuntas and 
Erkol (2010). Dry matter content was determined by drying 
samples for 24  h at 105 oC. Moisture content was deter-
mined and calculated using the moisture content method by 
AOAC (1999). Total C, N, and S were determined using 
an elemental analyser (Carlo Erba NA 1500 CNS Analyzer, 
Thermo Scientific) in subsamples of dried and milled wal-
nut samples.

Mineral elements Calcium (Ca), potassium (K), magne-
sium (Mg), phosphorus (P), sulphur (S), copper (Cu), chro-
mium (Cr), iron (Fe), manganese (Mn) and zinc (Zn) were 
extracted as described by Jones (2001) with modifications. 
Briefly, 0.5 g of kernel sample was weighed into a diges-
tion tube and 5 mL HNO3 (65%) was added for overnight 
incubation. Thereafter, samples were digested at 125 °C for 

Fig. 1  Map of the walnut-fruit forest of Southern Kyrgyzstan showing sampling sites at different elevations www.google.com/maps
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positive, 0.5 to 0.3 weak positive, < -0.7 strong negative, 
-0.7 to -0.5 moderate negative, -0.5 to -0.3 weak negative 
(Rumsey 2016) with the value of p < 0.05.

3  Results

3.1  Walnut Physical Properties and Nutrient 
Content

The physical properties of walnuts revealed large variability 
within sites, especially for nut mass and nut length (Fig. 2), 
and only slight differences for two properties between ele-
vation levels (Table 1). Firstly, nuts from medium elevation 
differed slightly from the nuts at high elevation in shell thick-
ness. Secondly, the kernel percentage, which ranged from 
44 to 47%, slightly decreased with increasing elevation. As 
a core quality property, nut mass ranged from 7.63 to 9.42 g 
and the kernel mass from 3.37 to 4.25 g, revealing no differ-
ences between sites. The element concentrations in walnut 
kernels also mostly did not differ significantly between stud-
ied elevation sites except for Ca and K (Table 2). While Ca 
content declined with increasing elevation, K content was 
higher at highest elevations (Fig.  3). Fe and Mn contents 
varied significantly with highest Fe values at medium eleva-
tion and highest Mn values at highest elevation (Table 2).

3.2  Soil Chemical Properties and Plant Available 
Nutrients

The soil chemical properties along the investigated eleva-
tion gradient were different between top- and subsoil and 
revealed (Table  3) some differences between sites, which 
mostly did not follow an elevation gradient. Only pH of the 
studied soil samples significantly decreased with increasing 
elevation for both soil depths and ranged from 6.9 to 7.9 in 
the topsoil and from 7.7 to 8.5 in the subsoil. Soil organic 
carbon (SOC) was similar at all three sites in the topsoil. In 
the subsoil there was a slight difference in SOC between 
sites, which did not however follow the elevation gradi-
ent. Most of the Mehlich-3 extractable elements (Table 4) 
showed weak significant differences between studied sites 
except for Cu, which did not reveal any differences. How-
ever, concentrations of elements did not follow the elevation 
gradient.

3.3  Soil and Walnut Element Correlations

The walnut element content did not correlate with 
Mehlich-3 extractable plant nutrients, except for Zn, which 
was negatively related (Fig. 4). Stronger correlations were 
found between Mehlich-3 extractable elements in the soil. 

1 h. Then, 9 mL H2O2 (30%) was added in 3 steps into the 
digestion tube and boiled at 125 °C for 30 min until the solu-
tion was clear. The digest was diluted with distilled water, 
filtered and brought up to a final volume of 50 mL. Analy-
sis was carried out with inductively coupled plasma atomic 
emission spectroscopy (ICP-OES, Optima 8000, Perkin 
Elmer, Waltham, USA).

2.4  Soil Physical and Chemical Properties

The soil texture was analyzed according to Gee and Or 
(2018) using a combined sieving and pipette method after 
pretreatment with H2O2 to remove SOM and HCl to remove 
carbonates. The soils contained 39–40% clay, 51–57% silt, 
and 1.3–7.7% sand at the three sites. Soil color varied from 
dark brown (10YR 4/3) to very dark brown (10YR 2/2) 
according to the Munsell Soil Color Charts.

Soil pH was assessed with a SevenMulti device (Mettler 
Toledo, Giessen, Germany) using air-dried sieved soil and 
deionized water (1:5 w/w). Extractable elements Ca, K, Mg, 
Na, P, Cu, Fe, Mn, and Zn were determined in Mehlich-3 
solution. Briefly, 2 g air-dried soil sample was suspended 
in 20 mL Mehlich-3 solution and shaken for 5 min at 150 
rev min-1 (KS 4000, IKA, Staufen, Germany). The extracts 
were filtered (No. 305, VWR, Darmstadt, Germany) and 
diluted with water to make a 1/10 dilution and then analyzed 
by ICP-OES. Total soil C and N were determined using gas 
chromatography after combustion (Carlo Erba NA 1500 
CNS Analyzer, Thermo Scientific) in subsamples of dried 
and milled soil samples. Carbonate content in the soil was 
determined using a calcimeter according to the operating 
instructions issued by the manufacturer (Eijkelkamp 2012). 
The difference between total C and carbonate C was used to 
calculate soil organic carbon (SOC).

2.5  Statistics

The open-source programming language R 3.6.3 with the 
R-Studio version 1.3.1073 was used for statistical analysis 
and graphical visualization. One way analysis of variance 
(ANOVA) was used for evaluation of site and soil depth dif-
ferences followed by Tukey HSD when data was paramet-
ric. The Kruskal-Wallis test was used for non-parametric 
data to test for significant differences between sites and soil 
depths as well as for sites and walnut properties followed by 
Dunn`s post hoc test. Significant differences were detected 
at p < 0.05. Results are arithmetic means of ten replicates 
per site and based on dry (24 h at 105 °C) soil and walnut 
weight. Pearson correlation coefficient was used to esti-
mate the correlation between all measurable variables with 
a p < 0.05 significance threshold. Correlation coefficient 
interpretation: r > 0.7 strong positive, 0.7 to 0.5 moderate 
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Fig. 2  Physical properties (a - mass, b - length) of walnut fruits at the three sites along an elevation gradient (Charbak (CH) low = 1000 m asl; 
Kyzyl-Unkur (KU) medium = 1300 m asl; Jay-Terek (JT) high = 1600 m asl; asl = above sea level)
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reduced decomposition at higher elevation. The soil organic 
matter content is also affected by plant input quantity and 
quality and thus vegetation differences can more strongly 
influence SOM content than temperature differences caused 
by elevation (Massaccesi et al. 2020) as in our investigation 
where similar vegetation was present across the elevation 
gradient.

In the case of the physical properties of walnut fruits, no 
significant differences were observed between elevation lev-
els, except for shell thickness and kernel mass proportion, 
confirming the earlier observation that elevation, especially 
temperature has no effect on the physical properties of wal-
nut fruits (Meisen et al. 2021). Other studies revealed effects 
on physical and chemical properties of walnuts as caused 
by temperature differences due to altitude (Büyüksolak et 
al. 2020; Zeneli et al. 2005). However, we did not observe 
any clear elevation-based trend in shell thickness among the 
studied walnut fruits. This could be due to the allelic varia-
tion in walnuts which affects the walnut physical properties 
(Martínez et al. 2010). While Arzani et al. (2008) found a 
correlation between shell thickness and nut mass, our study 
did not yield similar results. One possible reason for the dif-
ference in shell thickness could be the influence of shading 
and light intensity at the sites. Zhao et al. (2019) examined 
the effect of shading and reported that it increased the thick-
ness of walnut shells. Light intensity has also been linked 
to shell development in nuts, with variations observed even 
within the same cultivar when grown in different locations 
(Zhao et al. 2011). Additionally, lignin content, which was 
not measured in this study, has been identified as a signifi-
cant factor influencing the shell structure of nuts (Zhao et 
al. 2019). Path analysis revealed that tree form, anthesis 
time, and shell thickness directly and positively influenced 
the harvest day (Beyhan and Demir 2006), which in return 

In particular, P was positively related to a number of other 
elements, such as total N, Mg, Fe and Zn. In contrast, K 
was negatively related to Fe, P and Na and positively related 
to Mn. No such strong relationships were found for walnut 
kernel elements. Only P and Mg were strongly positively 
correlated and Ca and Mg moderately positively. Zn was 
weakly positively related to Mn, and Cu and Mn negatively 
to Ca. Soil pH only weakly affected walnut kernel Ca con-
tent positively and Mn content slightly negatively. How-
ever, soil pH was strongly negatively related to Mehlich-3 
extractable Fe and P and somewhat more weakly to Mg. For 
K and Mn there was a weak negative correlation.

4  Discussion

An elevation gradient was chosen as a proxy of future tem-
perature increase, assuming that the temperature at low 
elevation will represent the temperature of high elevation in 
the future. As the studied soil and walnut properties showed 
high variability within sites, there were almost no differ-
ences between elevation levels for many soil and walnut 
fruit properties. This may be due to comparable annual pre-
cipitation, vegetation, and parent material at the three sites. 
Previous studies by Meisen et al. (2021) and Oskonbaeva 
et al. (2023) in the same walnut-fruit forest systems have 
also shown that soil chemical properties were not differ-
ent between the different elevation sites and that they also 
showed quite similar soil biological properties (Oskonbaeva 
et al. 2023). However, other studies investigating altitudinal 
effects on soil chemical properties have reported contrasting 
results, with either a decrease (Drollinger et al. 2017; Sim-
sek et al. 2023) or an increase (He et al. 2016; Kamal et al. 
2023) in soil organic C and total N for the litter caused by 

Table 1  Physical properties of walnuts (Juglans regia L.) along an elevation gradient
Elevation Length Width Thickness Shell thickness Dg Nut mass Kernel mass Sphericity Kernel mass proportion
(m a.s.l.) cm g %
1000
Mean 3.24 2.84 2.74 0.18b 2.92 8.29 3.92 92 47a

SD 0.48 0.16 0.16 0.01 0.22 1.22 0.54 2.73 1.36
CV (± %) 15 6 6 4 7 15 14 3 2.87
1300
Mean 3.26 3.01 2.96 0.21a 3.07 9.42 4.25 94 45b

SD 0.15 0.17 0.17 0.02 2.38 1.20 0.58 2.70 1.81
CV (± %) 4 6 6 11 3 13 14 3 4.01
1600
Mean 2.96 2.46 2.74 0.17c 2.92 7.63 3.37 95 44b

SD 0.24 0.10 0.10 0.01 0.10 0.60 0.30 4.92 2.21
CV (± %) 8 3 2 4 3 8 9 5 5
p value NS NS NS < 0.01 NS NS NS NS < 0.01
Dg = geometric mean diameter, SD = standard deviation, CV = mean coefficient of variation between replicate samples (n = 10); a.s.l = above 
sea level; NS = not significant
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affects the kernel percentage of nuts. It is important to note 
that shell thickness can vary significantly among different 
walnut varieties and even between trees of the same variety 
(Amézquita et al. 2023; Bernard et al. 2017). Additionally, 
the interaction of multiple factors makes it a complex phe-
nomenon difficult to precisely determine the impact of each 
factor on shell thickness and kernel percentage. We assume 
that the temperature increase will not influence the physical 
properties of walnut fruits at these ecosystems in general, as 
they occasionally experience high temperatures at all eleva-
tion levels due to the high temperature amplitude through-
out the year.

In terms of the elemental composition of walnuts, our 
results showed high variability within sites, but almost 
no differences between elevation levels except for Ca and 
K contents. This variability can be due to genotypic vari-
ability and spatial heterogeneity of nutrient availability in 
soil, which affect the growth, yield, and quality of walnuts 
(Devin and Bujdoso 2022; Guney et al. 2021). The Ca con-
tent in walnuts showed a significant decrease with increas-
ing elevation levels, and this could be attributed to genetics 
and physiological processes. Calcium content of studied 
Kyrgyz walnut fruits were higher than Swedish (Rodushkin 
et al. 2008), Turkish (Ozcan 2009), Romanian (Cosmulescu 
et al. 2009) and lower than Iranian walnuts (Aryapak and 
Ziarati 2014). Furthermore, Ca plays a role in numerous 
vital plant functions, such as promoting the absorption of 
nutrients by roots and aiding their transportation within the 
plant (White and Broadley 2003). The differences in Ca 
and K along the elevation gradient may be also due to the 
change in mineral content at the ripening stage of the walnut 
kernel (Amin et al. 2017). It is likely, that the walnuts at 
lower sites ripened a little earlier but sampling took place 
at the same time. Moreover, Ca ions have a dual effect on 
K and anions, inhibiting the inward flow of K while stimu-
lating the opening of inward anion channels (Blatt 2000) 
and this could be another reason for increased Ca content 
and decreased K content with elevation. The K content 
of Kyrgyz walnut fruits was in the range of Canadian and 
French (Juranović Cindrić et al. 2018), Romanian (Cos-
mulescu et al. 2009) and lower than Iranian (Aryapak and 
Ziarati 2014) and Swedish (Rodushkin et al. 2008) walnuts. 
The K content in walnuts was found to vary significantly 
between different elevation levels, which may be attributed 
to differences in radiation. We assumed that trees at higher 
elevations tend to receive higher levels of radiation, which 
can contribute to the higher potassium levels. Temperature 
increase due to climate change may not affect walnut qual-
ity, in particular the elemental composition in the investi-
gated forest systems.

The correlation analysis conducted in this study showed 
relationships, especially between Mehlich-3 extractable 
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soil chemical composition and extractable fractions. Corre-
lation analysis also showed that Zn in walnuts was related 
to Mehlich-extractable Zn. This could be due to the fact that 
Zn content in plants is influenced by Zn availability in the 
soil (Marschner 1993; Noulas et al. 2018). The reason could 

elements in the soil. However, the relationship between soil 
and walnut elements was very weak, indicating that extract-
able elements in the soil do not provide reliable information 
about the elements in walnut fruits. Walnut trees appear to 
take up nutrients in the required amounts, independent of 

Fig. 3  Calcium (Ca) (a) and potassium (K) (b) content in walnut kernels at the three sites along an elevation gradient (Charbak (CH) low = 1000 m 
asl; Kyzyl-Unkur (KU) medium = 1300 m asl; Jay-Terek (JT) high = 1600 m asl; asl = above sea level)
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quality of walnut fruits in these forest ecosystems, regarding 
elemental content.

We assumed that elevation level acts as a good proxy 
for temperature differences and assumed that this has an 
influence on nutrient dynamics and uptake, but apparently, 
soil extractable elements are not directly related to walnut 
elements in these ecosystems. Other soil properties more 
strongly influence extractability of these elements, and nutri-
ent accumulation in walnuts is somewhat decoupled from 
extractable elements. Nonetheless, walnut yield may, at the 
same time, be affected by extractable nutrient quantities.

5  Conclusions

The present research offers an opportunity to compare 
various elevation levels differing in average temperatures 
within an ecosystem with similar vegetation, geologi-
cal background, and long-term precipitation patterns. The 
results of this study suggest that the expected long-term 
temperature increase caused by climate change may not 

be the physiological processes and mechanisms within the 
plant which influence the Zn content and its interactions 
with other elements (Jiang et al. 2018). For instance, certain 
plant species or cultivars may have specific mechanisms to 
increase Zn uptake or enhance Zn transport within the plant 
(Hamzah Saleem et al. 2022). Some elements in the soil, 
such as Fe, Cu, and Mn, can compete with Zn for uptake by 
plant roots (Rai et al. 2021). High levels of these elements or 
imbalances in their ratios with Zn can affect the absorption 
and utilization of Zn by plants. Furthermore, plants require 
Zn as a vital micronutrient since it plays a significant role 
in various crucial cellular functions, enzyme activation, and 
maintaining ion homeostasis (Alsafran et al. 2022; Yang et 
al. 2020). The genotype and harvest or crop year also affect 
the mineral content of walnuts (Rabadán et al. 2018) and this 
should be subject of future research. Our results showed that 
differences in average temperature as caused by elevation 
did not affect available plant nutrients or the walnut fruit 
ionome in general. This means the long term temperature 
increase in the context of climate change will not affect the 

Table 3  Soil chemical properties of soil along an elevation gradient at two soil depths
Depth Elevation pH (H2O) SOC Total N
(cm) (m a.s.l.) (mg g− 1 soil)
0–30 1000 7.9a 56 3.7b

0–30 1300 7.2b 66 4.7a

0–30 1600 6.9c 58 4.6a

CV (± %) 5.5 18 16
p-value < 0.01 NS 0.01
30–60 1000 8.5a 35a 1.4b

30–60 1300 7.7b 27b 2.1a

30–60 1600 7.4b 29b 2.2a

CV (±%) 9.2 18 21
p-value < 0.01 < 0.05 < 0.01
CV = mean coefficient of variation between replicate samples (n = 10); a.s.l = above sea level
Note: Data are from Oskonbaeva et al. (2023)

Table 4  Extractable elements (Mehlich-3) of soils along an elevation gradient at two soil depths
Depth Elevation Mg Na P Cu Fe Mn Zn
(cm) (m a.s.l.) mg kg− 1

0–30 1000 421 12b 11b 6.4 146b 217a 5.4
0–30 1300 511 52a 27a 7.2 250a 159b 6.1
0–30 1600 483 17b 21ab 6.5 238a 190ab 5.7
CV (± %) 10 42 32 31 13 14 23
p-value < 0.01 < 0.01 < 0.01 NS < 0.01 < 0.01 < 0.01
30–60 1000 402 16b 1.2b 5.0 85b 108ab 1.6
30–60 1300 446 43a 8.9a 5.6 194a 90b 1.9
30–60 1600 439 18b 5.1ab 6.7 175a 130ab 2.1
CV (± %) 15 47 48 32 22 27 34
p-value NS < 0.05 < 0.05 NS < 0.01 < 0.05 NS
CV = mean coefficient of variation between replicate samples (n = 10); a.s.l = above sea level
Note: Data are from Oskonbaeva et al. (2023)
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have the ability to take up nutrients in the necessary quanti-
ties regardless of the chemical composition and extractable 
fractions of the soil. This suggests that either the Mehlich-3 
extraction method is not a reliable predictor of nutrient 
uptake, or the walnut tree possesses a flexible mechanism 
for accessing these nutrients. However, further investiga-
tions are warranted to better understand the complex rela-
tionship between soil properties, nutrient dynamics, and 

affect the physical properties and elemental composition of 
walnut fruits in the investigated forest systems. We assumed 
that differences in elevation sites would serve as a suit-
able indicator for temperature variations, which, in turn, 
would affect nutrient dynamics and uptake. However, it 
appears that the extractable elements found in the soil do 
not directly correspond to the elements present in walnut 
fruits within these ecosystems. It is likely that walnut trees 

Fig. 4  Correlation triangle between Mehlich-3 extractable soil nutri-
ents and walnut nutrients. The size of the dots represents the mag-
nitude of the correlation, and the colour represents positive (blue) or 

negative (red) relationships; white indicates a value near 0 (no rela-
tionship); Nt -total nitrogen
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terns, have the potential to affect the development of walnut 
fruit and should be the focus of future research.
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