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Giant panda’s evolutionary adaptation for using bamboo as food has been demonstrated by the 
morphology premolars, and by the anatomy and function of the temporomandibular joint. Pandas 
feed on the leaves, limbs and stem of bamboo containing phytoliths. We characterized phytoliths 
of two bamboo species in order to determine which parts of bamboo could contain wear-causing 
phytoliths and to explain panda feeding behavior to remove the cortex of the stem of bamboo before 
eating. Two bamboo species (Phyllostachys aureosulcata and Phyllostachys bissetii) were characterized 
for their inorganic content, morphological chemical and microhardness. Analysis showed that there 
were less inorganic minerals in the stem than in the leaves of both bamboo species. Particle size of 
inorganic substance was larger in the leaves and they were classified to phytoliths whereas minerals 
in the cortex of stem were of nanometer scale. Mean wt% of inorganic substance in leaves was 6.9% 
and of cortex 1.1%. Phytoliths sizes in the leaves were 30–40 µm in diameter. Amorphous silica was the 
major oxide. Microhardness of the outer surface of the cortex, was higher than in the subcortical layer. 
Panda’s feeding behavior, involving the removal of stem cortex may relate to the physical properties of 
the cortex. Synergistic causative factor of tooth wear may exist.

Enamel, the outermost layer of tooth crown with the most highly mineralized tissue in mammals, plays a critical 
role in biting function and protection of teeth from mechanical damage of fracture and wear. Giant pandas 
(Ursidae, Ailuropoda melanoleuca David 1869), inhabiting the mountain ranges of Central China (mainly 
Sichuan, Shaanxi and Gansu), feed, unlike other bears, almost exclusively on bamboo (Poaceae: Bambusoidea). 
There are several bamboo species which are grown for the diet of giant pandas in zoos in Europe.

Giant pandas have an evolutionary adaptation for consuming cellulose and silica-rich food. This has been 
demonstrated recently by the morphology of the teeth and by the anatomy and function of the temporomandibular 
joint1–4. Pandas feed on the both leaves, limbs and stem of bamboo, although the stem of bamboo is known for 
high strength and toughness5,6. The micro structure and mechanical properties of panda teeth are able to resist 
biting-force related fractures7. When tooth wear is considered, it is known that the surface hardness of panda 
tooth enamel is 3.37 GPa, corresponding to the surface hardness of human enamel (3.2 GPa)7,8 and that wear 
can be caused by exogenous and endogenous abrasives. A specific feeding pattern is the panda’s habit to remove 
the outer layer (cortex) from the stalk of bamboo before eating. The lateral movement of the lower jaw and 
morphology of the teeth, especially premolars P3 and P4 have adapted for this function4. It has been suggested 
that the function of skimming the cortex of the stem of bamboo to be either related to the elimination of wear-
causing silica particles in the cortex, or to avoid possible toxic cyanide compounds present in some bamboo 
species8–11. Silica particles are hard mineral compounds, and their abrasive effect to the teeth of giant panda 
may be an important evolutionary factor behind the function of skimming the cortex of bamboo before eating. 
Silica appears to be the primary mode of defence against mammalian herbivore damage in graminoids (Poaceae) 
including bamboos12–14. The hardness of the stem of bamboo species upon which giant pandas feed, has been 
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studied for the species Phyllostachys nigra and Phyllostachys bissetii but differences in the cortex, i.e. the part 
which the panda does not eat, and the subcortical part is not known15.

Silica as the major mineral may accumulate into plant tissue as deposits called phytoliths, which greatly 
increase the hardness and abrasiveness of plant material16,17. Silica concentrations in leaves are typically as high 
as 10% of dry weight18,19, which inhibits both feeding and digestibility by mammalian grazers17. Phytoliths are 
created when predominantly silica minerals are dissolved in soil in the presence of water. Released silicate ions 
in water are then absorbed through the roots of a plant and carried throughout it’s vascular system. In the 
global silicon cycle, silicate ions are precipitated in the various structures of the plant: in the lumina, cell walls, 
and intercellular spaces20,21. Phytoliths are more commonly found in aerial structures of a plant than in it’s 
subterranean organs21. Furthermore, it has also been shown that the silicate ion concentration of grasses is 
inducible, increasing potentially up to four-fold in response to herbivory14,17.

Morphologically, phytoliths in grass are mineral particles up to 10–20  µm in size or particle aggregates 
with a size of up to 500 µm and can potentially be abrasive for teeth22,23. Attention has been paid to phytoliths 
of bamboo species and their relationship to tooth wear in herbivore primates including the extinct primate 
Gigantopithecus blacki and Giant Panda7,21. Signs of occlusal microwear patterns were demonstrated in the 
molars of Gigantopithecus blacki with a diet of fruits and leaves21.

Recently, a more detailed analysis of the mechanisms of tooth wear among giant panda was made by 
investigating the enamel structure and its physical properties and some mesoscale physical properties of bamboo 
leaves and stems24. Whether the phytoliths in the stem cortex and leaves of bamboo differ in their phytolith particle 
size and surface hardness, and whether these differences point toward a possible evolutionary explanation for 
the feeding behavior of giant panda is still unknown. Thus, in this study we characterized phytolith morphology 
and particle size, chemical composition and surface microhardness, especially hardness in different parts of the 
stem of two bamboo species. This characterization was done to find out whether the presence of phytoliths could 
explain panda feeding behavior of skimming the outer skin of bamboo before eating.

Materials and methods
Two bamboo species known to be consumed by giant panda, namely Phyllostachys aureosulcata (PA) and 
Phyllostachys bissetii (PB) were selected for this study. Phyllostachys bamboo species are common in the diet 
of giant panda and widely used as their food in zoos25. Permission to use bamboo in this study was obtained 
from Bamboo Giant Nederland BV (Asten, Netherlands). The bamboos were cultured by the Bamboo Giant 
Nederland BV (Asten, Netherlands) in sandy well moistened soil and fields with clay soil with yearly addition 
of 400 kg/hectare of Monterra 9-7-1 nutrition (MeMon BV, Arnhem, Netherlands) with a composition of N 
9%; P2O5 7%; K2O 1%; MgO 0.5%. The culturing soil was slightly acidic (pH 6). Samples of leaves and stem of 
bamboo were collected for inorganic content analysis quantitatively and qualitatively. Leaf age impacts on the 
silica accumulation in bamboo leaves26. Therefore, mature leaves where silica concentration is stable were used 
in analyses. All samples were dried in a desiccator at 60 °C degrees for one week until the mass was stabilized. 
Before every leveling, samples were allowed to cool to room temperature. Samples of cortex of the stem and 
leaves were combusted for removing the organic phase at 900 °C for one hour and let to cool to room temperature 
before leveling and calculating the wt% quantity of the inorganic compounds. Statistical comparison between 
inorganic compound content of leaves and outer skin of the cortex were studied using the Wilcoxon rank sum 
test with values of p < 0.05 being considered statistically significant.

SEM–EDS analysis
For elemental and morphological characterization of the phytoliths from cortex of the stem and leaves, SEM–
EDS analysis was used. To obtain a clear cross section cut, broad ion beam (BIB) sectioning was used. The 
applied apparatus was an Ilion+ Advantage—Precision Cross-Section System (model 693) by Gatan, USA. As 
BIB gives a rather small cross section area, traditional epoxy casting and sanding/polishing was applied to obtain 
a significantly larger cross section area. The cross section area was in total of 20.4 mm in diameter and cross-
section of 10.0  mm of the leaf was visually scanned for determining interphytolith distance and size of the 
phytoliths.

SEM–EDS analysis was done using a Zeiss Gemini 2450 scanning electron microscope with XFlash 6|60 and 
XFLash 5060F X-ray analyzers. The applied voltages were between 5 and 15 V, the samples were gold-coated 
before SEM–EDS analysis.

RAMAN spectroscopy
To study the structure of phytoliths, especially whether they were crystalline or amorphous, RAMAN spectroscopy 
was applied with a Renishaw in Via Qontor confocal Raman microscope system. The used wavelength was 
532 nm. Raman was selected, because of it’s known suitability to detect signals from crystalline Si. Also, with 
the applied Raman spectrometer it is possible to investigate point targets with approx. 1 µm diameter, which is 
well below the size of the studied leaf phytoliths. Raman spectra of quartz, tridymite and cristobalite were used 
as control.

TEM analysis
SEM–EDS showed that the particles containing silicon are such a small size in the cortex of the stem that their 
morphology was not able to be defined by SEM, therefore TEM was used for more precise morphological 
characterization. Bamboo PA was selected for TEM analysis. Three samples were made for TEM analysis. 
For fixation, bamboo samples were soaked in 0.9% saline water for 30 min. The samples were fixed with 5% 
glutaraldehyde in s-collidine buffer, dehydrated with ethanol, and embedded in a 45359 Fluka Epoxy Embedding 
Medium kit. Thin sections were cut using an ultramicrotome to thickness of 70 nm. The sections were stained 
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using uranyl acetate and lead citrate. The sections were examined using a JEOL JEM-1400 Plus transmission 
electron microscope operated at 80 kV acceleration voltage.

STEM-EDS analysis
To get a precise location of silica particles in cortex we used same samples than in TEM analysis (Figure 5A). SEM 
micrographs were obtained with Apreo S field-emission SEM (Thermo Scientific, The Netherlands) equipped 
with a Ultim Max 100 energy dispersive X-ray spectrometer (EDS; Oxford Instruments, United Kingdom). 
STEM images were obtained with a dedicated STEM-in-SEM detector using an acceleration voltage of 10 kV. 
Elemental mapping was performed using an acceleration voltage of 10 kV.

Surface microhardness indentation
Surface microhardness (in GPa) with corresponding load–vertical displacement diagrams and modulus of 
elasticity (in GPa) of the outer cortex and inner cortical part of the stem perpendicular to the curvature of the 
stem, was measured with microhardness indentation device (Rtec SMT 5000, Rtec Instruments, San Jose, CA, 
USA) with maximum load of 10.0 N. One millimeter thick samples of the cortex and underlying inner part of 
six samples were prepared from bamboos PA and PB, placed on a sample holder followed by four consecutive 
automatic indentations. Means of four measurements were used in the calculation of statistical differences 
between the hardness of the outer cortex and inner part of the stem (Wilcoxon/Kruskal–Wallis test).

Micro-CT examination
To confirm and visualize the location and distribution of phytoliths in the leaf and stem of bamboo PA, computer 
tomography scanning was performed. The bamboo leaves and stem were scanned with a Bruker-Skyscan 1272 
micro-CT with the following settings: tube (Hamamatsu L10101) voltage 50 kV, current 200 mA. No filtering 
was used. Scaled pixel size 3 μm, camera pixel size 7.4 μm (2 × 2 binning), image size 2452 × 1640 pixels, rotation 
step 0.150 degrees. The cross-sectional images were reconstructed with NRecon program version 1.7.5.6 using 
the InstaRecon 2.0.4.5 engine, image smoothig 3, ring artifact reduction 15, beam hardening correction 70%, 
minimum attenuation to image 0.001 HU, maximum 0.100, 8-bit grayscale image output. False-color illustrations 
of image stacks were generated with the CTVox rendering program. Highest attenuation regions, i.e., the highest 
density is arbitrarily shown as blue, middle values green and low attenuation red.

Results
Combustion analysis showed that there were significantly (p = 0.0002) fewer inorganic compounds in the stem 
than in leaves of both bamboo species (PA, PB). The wt% of inorganic compounds of PB leaves was 8.0% and 
wt% of PB cortex was 1.3% and wt% of inorganic compounds in PA leaves was 5.8% and wt% of PA cortex was 
0.9%, respectively (Fig.  1). Morphological and elemental analysis by SEM–EDS demonstrated phytolith size 
in the leaves to be 30–40 µm in diameter and they were located in the upper surface of the leaf with a 120 µm 
distance from each other (Fig.  2). The stem (culm) of the bamboo did not contain detectable phytoliths by 
SEM although the outer cortex of the stem had silicon containing compounds determined by EDS analysis 
(Fig. 3). EDS analysis of the phytoliths of leaves showed silicon to be the major element which was detected 
(Fig. 2). Raman spectroscopy showed an amorphous structure for the silica of the phytoliths of the leaves and 
silica in the cortex of the stem whereas the control material of quartz, tridymite and cristobalite showed typical 
Raman shift for crystal structure (Figure 7). TEM micrographs from bamboo PA showed fine granularity in 
the outer green part of the cortex (Figs. 4A,B and 5B) in areas where Si was detected in SEM–EDS (Fig. 6B). 
Absence of the granularity further away from the surface where Si was not detected by SEM–EDS (Fig. 6B) 
suggests that the granularity is the precipitated mineral. Nano meter size mineral precipitation of silica on the 
outermost cortex cells were located in the SEM–EDS analysis (Fig. 3). STEM image (Fig. 6A) showing same area 
in same sample than TEM image (Fig. 5A). Location of oxygen (Fig. 6C) follows same area than silicon (Fig. 6B). 
Surface microhardness indentation showed the hardness of the outer cortex of bamboo PA to be 0.0648 GPa 
and bamboo PB 0.0732 GPa, whereas corresponding values for the inner part of the stem were 0.0064 GPa and 
0.0086 GPa (Table 1). The surface microhardness of the green cortex and culm differed significantly (p < 0.0001) 
(Fig. 7). The modulus of elasticity for the cortex of both species of bamboo were higher than that of the inner part 
of the stem (Table 1). Typical load-indentation displacement curves of surface microhardness measurement of 
the outer cortex and inner surface of the stem of bamboo PA and PB are shown in Fig. 8. CT scans of the leaf and 
cortex of the stem of the bamboo PA showed areas of higher density (blue) representing mineral precipitation 
which corresponds to the findings by SEM (Fig. 9). There was more mineral precipitation on the upper surface 
of the leaf than on the lower surface (Fig. 9A–C). Cortex of the stem showed less mineral precipitation than 
leaves (Fig. 9D).

Discussion
Bamboo culm have been used for millennia in traditional construction because of its excellent flexibility and 
toughness. The bamboo culm is composed of optimized natural unidirectional fiber-reinforced composites with 
cellular parenchyma as the matrix. The fibers are the major components that provide the strength and toughness 
of bamboo. The presence of silica phytoliths increases critical stress of random cracks in the bamboo cortex27. 
Structural analysis of bamboo cortex has recently been made using micro-CT, and porosity of the cortex 
with classification of cortex cells were presented but no attention was paid to the presence and distribution of 
silica phytoliths in the cortex28. However, phytoliths have been characterized by other means extensively. For 
instance, electron microscopy has been used to demonstrate phytoliths size in grass to be classifiable into two 
size categories: 10–20 µm and over 300 µm in size, with the latter being possibly consisting of aggregates of silica 
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grains22. SEM examination in our study of phytoliths of the leaves of bamboo did show any signs of aggregated 
structure, instead the phytoliths showed a dense and homogeneous microstructure of phytoliths although they 
were slightly larger than the 10–20 µm phytoliths studied by Liu et al.22.

Tooth wear of mammals by phytoliths has been of great interest historically. It was shown that phytoliths can 
abrade the enamel surface of teeth which has been used as tools in research on archaeology and paleoecology29. 
The extinct hominoid Gigantopithecus blacki has been one of the species of interest, because of its dental 
proportions and tooth morphology, which in some ways resembles that of giant panda, a species whose diet 
consists almost entirely of bamboo30. By some estimates, bamboo makes up approximately 99% of the panda’s 
diet31. Both the leaves and culm of bamboo are eaten but from July to October leaves are the major part of the 
diet25. In the wild, the giant panda’s preference for a given bamboo species is highly seasonal and may be related 
to habitat selection. Giant pandas migrate to different altitudes in their mountainous home ranges at specific 
times of the year. Although this migration and diet change between habitat and bamboo species occurs, the giant 
panda is also alternating between the bamboo plant parts consumed. It has been shown that the leaves were eaten 
from January to February with culm consumption occurring in March and April25. It has been speculated that 
the increase in lignin and cellulose in winter and spring could be cause for the decreased consumption of leaves2.

For the mastication of bamboo it’s physical properties have an impact. One of the material properties which 
is considered in this context is hardness. Hardness refers to resistance to plastic deformation under stress and 
some comparative hardness measurements of some bamboo species (P. bissetii, P. dulcis, P. japonica and P. nigra) 
were made and the highest hardness (14 MPa) of the stem was for P. bissetii15. The values in general were close 
to our values of the culm of bamboo PA and PB (6.4 MPa and 8.6 MPa) whereas we found higher values for 
the cortex, the part of the stem which is removed by the feeding pattern (64.9 MPa and 73.3 MPa, respectively). 
King15 found modulus of the elasticity of the stem to be 1.5 GPa but whether the measurement was made from 
the cortex or culm was not reported. We found corresponding values for the cortex (1.4 GPa for PA and 1.7 GPa 
for PB).

Tooth wear is typically considered to be an abrasive type of wear although wear can be caused by other 
mechanisms too. Higher hardness of abrasive particles than hardness of the wearing substrate is required for the 
abrasive wear. The roles of endogenous abrasives of phytoliths, versus exogeneous wind and rain born abrasives 
in the wear of teeth, has been debated for a long time. Hardness measurements of phytoliths suggested that wear 
of dental enamel might be less than previously thought32–34. Surface microhardness of phytoliths is lower than 
hardness of tooth enamel33,35. The mean value for wild boar enamel is 6.5 GPa and for bovine enamel 5.7 GPa36,37 
whereas native phytoliths have a surface hardness of 0.75–2.38 GPa35. Although values of surface microhardness 
suggest that abrasion of teeth may not be the cause for tooth wear, some contradictory opinions have been 

Fig. 1.  wt% quantity of the inorganic compounds of leaves and cortex of stem of bamboo PA and PB.

 

Scientific Reports |        (2025) 15:11254 4| https://doi.org/10.1038/s41598-025-95042-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


stated. Rabenold and Pearson38 have claimed that phytoliths despite their lower surface hardness may anyhow 
be the principal abrasive agent for tooth wear in certain environments. Indeed, it is possible that the mineral 
composition and pH of the soil where the plant is growing influences the composition, quantity, structure and 
physical properties of phytoliths. It is known that bamboos grow the best when the soil pH is 5.5. to 7, as was the 
case in the soil where bamboos for the present study were grown39. Rabenold and Pearson38 further suggested 
that phytoliths appear to be a key selective force behind the evolution of thick molar enamel in primates and that 
the quantity of phytoliths rather that their surface hardness in food correlates with the evolution of thick molar 
enamel. Possible effects of pH drop by the food and related softening of the enamel may also relate to phytolith 
induced wear to teeth.

The giant panda’s tooth enamel is analogous to human enamel in its mechanical properties7. In enamel as the 
most highly mineralized tissue in mammals the nanosized hydroxyapatite mineral crystals are glued together 
by protein enamelin and the formed structure contains micrometer scale units of enamel rods40. Enamel is 
anisotropic with lower hardness and indentation toughness along the longitudinal direction, as compared to the 
transverse direction. Thus, damage is more prone to occur through plastic shearing or cracking along the sheets 
due to their high organic content41. The content of the hard hydroxyapatite of enamel is high on the occlusal 
surface and decreases continuously toward the dentin-enamel junction and this can result in an increasing wear 
rate by the progress of the wear42,43. Structural hierarchy renders the enamel to fulfill its mechanical demand 
for mastication of millions of times during the lifetime of the organisms40,44–46. Because the digestive system of 
giant pandas cannot fully utilize the nutrients in bamboo47,48, pandas must continuously consume up to 20 kg 
bamboo per day. Constant mastication put teeth under continuous dynamic mechanical stress of different types 
and can affect tooth wear.

Although enamel is hard its structure has developed to resist dynamic stress concentrations by the biting 
cycle. Cortex of the stem of bamboo possesses a combination of high stiffness, strength and fracture toughness. 
Biting of tough substances causes stress between the enamel prisms and can cause localized microcracks to the 
enamel. Accumulation of cracks can cause material loss, i.e. tooth wear without the presence of hard abrasive 
particles. Wear of this type is called fatigue wear. In fact, Weng et al.7 in their extensive research showed that 
although panda enamel is superior in hardness and modulus of elasticity compared to bamboo, it is inferior 

Fig. 2.  SEM–EDS micrograph of a leaf where phytoliths (red) are located in the upper side of the leaf. The 
distance between phytolith particles is 120 µm. Original magnification 441 ×, bar = 50 µm).
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in toughness. Later they24 specifically examined the enamel of giant panda and demonstrated the micro-scale 
damage tolerance that enamel additionally generates in the tooth through the attachment of compliant dentin 
foundation to the enamel using a graded interface of dentin-enamel junction. Although the durability and 
recovery capability of the enamel of giant panda is exceptional, it is possible that wear of the fatigue type may 
occur and that the purpose of removing the hard and tough cortex of the bamboo stem is to protect molars from 
wear. Exogenous and endogenous abrasive particles probably have a synergistic role in the total wear which 
has several tribological mechanisms, including so-called attrition (tooth-to-tooth contact wear). More detailed 
research of the microstructure of giant panda premolars versus molars with different functional roles in the 
masticatory cycle would increase our understanding of the adaptation to a bamboo diet.

Removal of cortex of bamboo culm by giant panda takes place without exception as has been reported by 
Hansen et al.25. Typically, the feeding panda spends sedentarily several hours daily in processing the bamboo, 
including the time-consuming removal of the cortex2,25. This has made the panda vulnerable to hunting 
carnivores, like the subspecies of leopard (Panthera pardus) and tiger (historical range of subspecies of Panthera 
tigris). Caro et al.49 and Nokelainen et al.50 have recently shown that the characteristic black-and-white colour 
of panda is most probably a cryptic camouflage against the predators, in forest and snowy mountain habitats. 
Interestingly, we have observed that sitting and feeding pandas cover their white belly with the debris of peeled 
cortex and other parts of the discarded bamboo, further suggesting that the sedentary feeding pattern has been a 
critical risk by predation. In Finland (Ähtäri Zoo), the debris dropping of bamboo debris to cover white belly is 
somewhat more common during summertime (green camouflage) than during the snowy conditions of winter. 
Whether this behaviour of panda can the found their natural habitat has not been reported.

Conclusions
This study showed that the majority of phytoliths were located in the leaves of bamboo and that the phytoliths 
were amorphous silica in their chemical composition. Species PA and PB did not differ in these respects from 
each other. It can be expected that the feeding pattern to remove the cortex of the stem before eating relates to 
hardness of the cortex and that phytoliths may be a synergistic causative factor of tooth wear in giant panda in 
certain parts of their dentition.

Fig. 3.  Schematic view of the bamboo stem and the green cortex and corresponding SEM–EDS micrograph of 
the cross-section showing mineral precipitation (red) on the cortex of the stem. Original magnification 765 ×, 
bar = 20 µm.
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Fig. 7.  RAMAN spectra of reference of quartz, tridymite and cristobalite showing typical Raman shift for the 
crystal structure. Gray and yellow lines are showing amorphous structure of precipitation of silica in bamboo 
cortex and underlaying epidermis layer of the stem. Green line shows amorphous structure of phytolith from 
leaf.
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Fig. 6.  A BSE (backscattered electrons) micrographs of cortex of bamboo. EDS micrographs from same area 
than Fig. 5 A. B showing presence of silicon on the cortex. C showing oxygen and carbon location on bamboo 
cortex.

 

Fig. 5.  A TEM micrograph of bamboo cortex, B STEM high angle annular dark field micrograph of outer layer 
of bamboo cortex. White spots represent heavier elements.

 

Fig. 4.  TEM micrograph of cross section of the green cortex of the stem of bamboo PA. On the right with 
original magnification 800 × (bar = 5 µm) and with higher magnification (original magnification 3000 ×, 
bar = 2µm). Dark grey areas represent precipitation of nanometer scale mineral precipitation.
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Fig. 8.  Load–displacement curve of surface microhardness. (A) Bamboo PA; (B) bamboo PB. * refers 
indentation of outer cortex and ** inner part of the stem.

 

Micro hardness Modulus of elasticity

PA cortex 0.0648 (+/− 0.0073)a 1.4023 (+/− 0.1389)c

PA culm 0.0064 (+/− 0.0005)a 0.3986 (+/− 0.0408)c

PB cortex 0.0732 (+/− 0.0087)b 1.7235 (+/− 0.2583)d

PB culm 0.0086 (+/− 0.0011)b 0.3315 (+/− 0.0769)d

Table 1.  Surface microhardness (GPa) and modulus of elasticity (GPa) (+/−SD) of the green cortex and 
inner part of the stem (culm) of bamboo PA and PB. Values marked with superscript differed statistically 
significantly (p < 0.0001).
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plementary Information files. Should any raw data files be needed in another format they are available from the 
corresponding author upon reasonable request.
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