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Abstract Accurate evaluation of the preservation

state of fossil phytoliths in glacial lake sediments is

important, as these microfossils are often used in

paleoecological and archaeological studies. The char-

acteristic phytolith type of the Norway spruce (Picea

abies [L.] Karst.) needle is a potential keystone in

paleoecological studies. In this laboratory study, we

investigated dissolution of Picea abies blocky type

phytoliths, to simulate dissolution processes in sedi-

ments and soils and create reference material to

compare with fossil phytoliths. Intact needles, needle

ash, diatomite and silica gel were treated with Britton–

Robinson buffer solutions at pH values from 2 to 12

for 22 days. Silicon was measured by microwave

plasma atomic emission spectrometry. Treatment

effects were evaluated on longitudinal cuts of needles

under a stereomicroscope and on phytolith assem-

blages from needles using a light microscope. Surfaces

of treated phytoliths were investigated by scanning

electron microscope and elemental analysis of phy-

toliths was determined by energy dispersive X-ray

fluorescence. Dissolution of silicon in spruce needles

was inhibited between pH 8.0 and 11.1. Needle tissue

protects phytoliths from erosion processes at this

alkaline pH range. Most dissolved silicon appeared to

originate from the phytolith surfaces and the silica

matrix of the apoplast in the tissues, with less from

complete dissolution of phytoliths. Our experiment

suggests that extraneous metal elements are incorpo-

rated into the silica structure during the dissolution

process. Thus, higher element content is an effect of

partial dissolution rather than a cause of dissolution.

Ultrastructure of the surface of Picea-blocky type
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phytoliths, namely disappearance of the globular

structure, may be useful to assess the intensity of

destructive processes in sediments. Our experimental

treatments indicate that characteristic Picea-blocky

phytoliths in needles can be well-preserved, depend-

ing on circumstances in sediments. Further micro-

analytical measurements will make these needles

promising tools for paleoenvironmental

reconstructions.

Keywords Dissolution � Elemental composition �
Reference study � SEM � Surface structure �
Taphonomy

Introduction

Silica bodies or phytoliths (SiO2�nH2O) are created in

many plant species as a consequence of monosilicic

acid uptake. These structures are analyzed in paleoe-

cological and archaeological studies because of their

taxonomic relevance and persistence in soils and

sediments after the plant degrades (Hart 2016). A

characteristic phytolith type was recently recognized

in the transfusion tissue of Norway spruce (Picea

abies [L.] Karst.) needles (Lisztes-Szabó et al. 2019).

This may be a potential keystone in future paleoeco-

logical studies for several reasons: (1) Norway spruce

was an important species in the northern hemisphere

during the early Holocene (Latałowa and van der

Knaap 2006; Magyari et al. 2014; Molnár and Végvári

2017); (2) spruce needles are often present and well

preserved in sediment cores of glacial lakes and peat

bogs; (3) phytoliths may be obtained from fossil

needles, making it unnecessary to separate discrete

phytoliths from the sediment by difficult and time-

consuming microfossil preparation protocols; (4)

needle fossils preserve phytoliths in the tissues

in situ, and can be further investigated with micro-

chemical techniques (SEM–EDX, LA-ICP-MS); and

(5) this special blocky form (Picea-blocky type),

which develops in the needle, is a characteristic and

recognizable silica body in phytolith assemblages

from sediments.

Presence or absence of this phytolith type in fossil

spruce needles may depend on environmental condi-

tions (Lisztes-Szabó et al., unpublished results). Using

this feature of needles to better understand

paleoecological processes may make it possible for

us to determine the circumstances of their develop-

ment and preservation. To use these phytoliths as a

proxy for terrestrial climate, we have to clarify how

sensitive they are to different environmental

conditions.

Accurate evaluation of the preservation state of

fossil phytolith assemblages is important for paleoe-

cological reconstructions. Preservation of phytoliths

varies across species and morphotypes, making it

necessary to study their taphonomy before they can be

used in paleoecological reconstructions (Shillito 2011;

Madella and Lancelotti 2012; Cabanes and Shahack-

Gross 2015). Preservation of the phytoliths of a

species and their morphotypes in sediments depends

on many factors, including weathering processes and

sediment pH (Wilding and Drees 1974; Piperno 2006).

The surface of phytoliths has considerable relevance

from the aspect of dissolution kinetics, but according

to Fraysse et al. (2009), this may not be the most

important factor. Stability is not the same for all

phytolith morphotypes. According to Bartoli and

Wilding (1980), and Nguyen et al. (2014), phytoliths

of different anatomical origins may contain different

elements, which may affect their stability. In contrast,

Fraysse et al. (2009) found no correlation between Al

content and the solubility of phytoliths. Thus, it is

unclear whether Al stabilizes phytoliths or not.

Without doubt, solubility of silica bodies depends on

the stage of phytolith development, namely their

maturity (Osterrieth et al. 2009). The importance of

understanding the elemental composition of phytoliths

and concentration changes of minor constituents such

as aluminum, carbon and other elements, was empha-

sized by Alexandre et al. (2015, 2016).

Silica in plants is an important component of the

silicon geochemical cycle because it is more available

than silicon originating from minerals (Derry et al.

2005; Fraysse et al. 2009; Puppe et al. 2017). The

influence of phytolith biogenic silica content on

ecosystems was shown by several authors (Wang

et al. 2011; Ran et al. 2018). Moreover, about 90% of

silicon accumulated by plants is in phytoliths (Song

et al. 2014). There is increasing interest in the impact

of phytoliths on the Si cycle, especially with respect to

land management, i.e. forest or cropland.

Most phytolith-dissolution experiments were done

on prepared phytoliths, with a focus on investigation

of their dissolution kinetics. Few studies have reported

123

66 J Paleolimnol (2020) 63:65–81



on the dissolution behavior of phytoliths in plant

tissues. Puppe et al. (2017), however, reported that a

silicon pool evolves through release of silicon in soils,

because phytogenic Si in plant tissues is temporarily

protected from dissolution. Studying dissolution of

phytoliths in tissues may enable more accurate esti-

mates of the amount of dissolved silicon from fossil

and subfossil needles, and provide a better under-

standing of phytolith taphonomy.

We studied the pH-dependent dissolution and

alteration of phytoliths in the tissue of spruce needles

(in situ). Our aim was to create a reference treatment

using a buffer series, which covered a broad pH range

that occurs in nature. Taphonomic aspects of pH-

dependent morphological changes of phytoliths were

considered, along with shifts in elemental content.

Stability and dissolution features of Picea-blocky type

phytoliths were revealed. The pH-dependent dissolu-

tion of silica in spruce needles was compared with the

responses of amorphous inorganic and biogenic sili-

cates under the same conditions. Taphonomic and

biochemical aspects of spruce phytoliths were also

considered.

Materials and methods

Dissolution experiments were conducted on diatomite,

silica gel, spruce needles, and needle ash in buffer

solutions at different pH. According to our aims, we

were focusing on the parameters of phytoliths in

tissue-condition. Thus, the treated spruce needles were

used in further investigations (phytolith analysis under

stereo-, light and scanning electron microscope,

element analysis).

Pretreatment of spruce needles

Silica accumulates in spruce leaves continuously over

time (Hodson and Sangster 1998). We collected three-

year-old or older needles from a reference tree, which

was growing in a private yard in the Great Hungarian

Plain (47.553296� N, 21.599187� E). This tree was

selected because it was the subject of earlier studies

(Lisztes-Szabó et al. 2019).

Wet weight of the collected needles was 163 g.

They were placed into a 1000-mL polypropylene

vessel and 750 mL of ultrapure water (Arium Pro,

Sartorius, resistivity[ 18.2 M X cm-1) was added to

the sample. Ultrapure water was used to wash and

prepare all solutions during this study.

Vessels containing needles were placed in a shaker

(KS-15, Edmund Bühler GmbH) for 30 min, and

subsequently in an ultrasonic bath (Elmasonic,

S180H) for 10 min. Needles were filtered with a

plastic sieve. Washing was repeated twice. Needles

were then dried at 105 �C overnight. Wax from the

surface of needles was removed by washing with

500 mL of chloroform (analytical grade, Molarchem).

Needles were dried again at 105 �C. Dry weight of the

remaining sample was 83.5 g, and these leaves were

used for all experiments.

Ashing of needles

Ashing of needles was required to prepare phytoliths

for microscopic investigation and for producing ash to

carry out dissolution studies. A muffle furnace

(Nabertherm N641) was used and the temperature

was increased by a rate of 100 �C h-1 to 500 �C. This

temperature was held for 3 h. Needles were ashed in

porcelain crucibles that had been stored in 1:5 nitric

acid for at least 24 h. After rinsing with ultrapure

water, the crucibles were dried at 105 �C and then

heated at 500 �C for 2 h. Pretreated crucibles were

stored in sealed plastic bags.

Diatomite and silica gel

Diatomite is a biogenic silicate that is widely used in

silicon studies (Alexandre et al. 1997; Ran et al. 2018).

We used diatomite collected from a former kaolinite

mine (Borovany, Czech Republic, 48.916263� N,

14.637597� E, provided by K. Buczkó, pers. com-

mun.). Silica gel (63–200 lm, Molar Chemicals, ref.

no.: R55161817) was used as an abiotic non-crys-

talline silicate.

Buffer solutions

Britton–Robinson buffer solutions were used in the

dissolution experiment (Britton and Robinson 1931;

Mongay and Cerda 1974). The Britton–Robinson

buffers consist of acidic (CH3COOH, H3PO4,

H3BO3) and alkaline (NaOH) components, and dis-

play a range of pH from 2 to 12. The exact pH value is

set by the amount of alkali in solution (Britton and

Robinson 1931; Mongay and Cerda 1974). We
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compounded 16 buffers to obtain the full pH range

covered by this type of buffer. Solutions were freshly

prepared and their pH values were measured with an

HQ40D Portable Multi Meter. The pH was also

recorded at the end of the experiments. No significant

change in pH was observed in any of the cases.

Dissolution experiments and measurement

of silicon

For spruce needle (treated needle–TN), diatomite and

silica gel samples, 0.50 g of material was placed into

50-ml centrifuge tubes containing 45 ml of the

Britton–Robinson buffer solution. Polypropylene cen-

trifuge tubes with a volume of 50 mL were used for the

dissolution studies. Tubes were not filled completely,

to enable efficient shaking.

In the case of the spruce needle ash experiment

(treated ash–TA), 0.50 g of needles were measured

into crucibles. Needles were ashed as described above,

and the ash was transferred into the centrifuge tubes.

In this way, the silicon content of plant material was

kept constant.

The plastic tubes that contained samples were then

placed in a shaker (Edmund Bühler GmbH, KS-15).

Every other day during the first 10 days, and then

every fourth day, shaking was stopped, tubes were

centrifuged, and a sub-sample was taken to determine

the silicon content. The volume of each subsample

removed was 0.50 mL, and was collected from the

supernatant and transferred into a 15-mL centrifuge

tube. Volume was brought to 10 mL with ultrapure

water.

Although it has been suggested that one week is

sufficient to reach equilibrium with respect to disso-

lution of phytoliths (Cabanes and Shahack-Gross

2015), we continued the dissolution experiments for

22 days. The dissolution experiments using silica gel

and diatomite were stopped on day 10, because there

was no measurable increase in concentration of silicon

by that time.

The measurement of silicon was carried out by

microwave plasma atomic emission spectrometry

(MP-AES), using an Agilent 4100 instrument. The

atomic emission line of Si (251.611 nm) was used.

Standards were prepared from 10,000 mg L-1 Si

stock solution (CPAchem, Ref. no. C153.W.L1). The

limit of quantification of the method was 50 lg L-1.

Phytolith analysis

Longitudinal cuts of a few spruce needles were studied

under a stereomicroscope (Zeiss Stereomicroscope

Discovery v20) after treating them with a series of

buffer solutions for 22 days. Photos were taken of

material from each pH treatment.

Phytolith extraction from treated needles (TNs) was

accomplished using the dry-ashing technique (Albert

and Weiner 2001; Mercader et al. 2010; Lisztes-Szabó

et al. 2019). Samples were dried at 105 �C overnight

and weighed. Next, samples were combusted in a

furnace at 500 �C for 8 h in air, then 3 mol L-1 HCl

and 3 mol L-1 HNO3 solution were added and the ash

was treated for 30 min at 100 �C. The acid-insoluble

fraction was centrifuged three times (3000 rpm for

2 min) and the supernatant was discarded. Next,

hydrogen peroxide (30% H2O2) was added to the

pellet, and samples were dried at 105 �C and weighed.

The resulting mass was the biogenic silica content that

is usually reported as the percent of sample dry weight.

This sample hereafter is referred to as treated needle

ash (TN ash) to distinguish from the treated ash (TA).

TN ashes were mixed thoroughly and phytoliths

were mounted on microscope slides in immersion oil

and observed under an Alpha Euromex CMEX-5

polarized light microscope at a magnification of 400x.

Optically isotropic phytoliths were verified using

cross-polarized illumination. In addition, the phytolith

samples were deposited in Eppendorf tubes in the

Phytolith Collection of the Isotope Climatology and

Environmental Research Centre (ICER) with labora-

tory code 115-1525.1-16. Five hundred phytoliths per

species were counted in adjacent, but not overlapping

lines across the cover slip. Phytolith morphotypes

were documented by microphotographs (ImageFocus,

version 4). Large fragments of silicified tissues were

considered to be representative features, but intercel-

lular deposits or other small and undefined fragments

were not included in the count. The number of tissue

fragments, eroded, and non-eroded Picea-blocky

phytoliths were counted, and other phytolith morpho-

types were put into a common ‘‘other morphotypes’’

group.

Phytolith SEM–EDX microanalysis

Longitudinal cuts of TNs and some ashes from the

TNs were spread with a paintbrush onto double-sided
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tape mounted on an aluminum stub and the ash sample

was coated with gold (BIO-RAD E5000C Sputter

Coater). Four well-characterized Picea-blocky type

phytolith forms were measured randomly for elemen-

tal analysis in the tissue and in the ash at four pH

values (2, 9, 10, 12). These pH values were deemed

important because of the Si dissolution curve from the

spruce needle experiment. Elemental analysis of

phytoliths was conducted using a Hitachi S4300-

CFE scanning electron microscope with energy

dispersive X-ray fluorescence, operating at 15 kV

with a detection threshold of 0.1 atom%. Principal

component analysis was undertaken (using PAST,

Hammer et al. 2001) on correlation matrices after

logarithmic transformation of the element data.

Results

Silicon content and solubility of phytoliths

The average silicon content of the spruce needles was

5.3 ± 0.5 g kg-1. With an exponential increase above

pH 11, dissolution curves of the silica gel and the

diatomite were similar to the expected theoretical Si

dissolution pattern (Fig. 1). The silicon content of the

solution of silica gel did not show considerable change

over time, increasing by only about 21 mg L-1 in the

acidic solutions by day 10 (from 21.0 to 42 mg L-1;

pH 5.8). Also, the diatomite Si concentration changed

little with time in alkaline solution, increasing by

about 45 mg L-1 by day 10 (from 53.7 to

98.5 mg L-1; pH 11.2). Silicon solubility in silica

gel and diatomite was highest at pH 11.9 (approxi-

mately 217 mg L-1), much more than the total

amount of average Si in spruce needles (Fig. 2).

Fig. 1 Dissolved silicon content of the solution of spruce needles, ash of needles, silica gel and diatomite at pH 2–12. (Color

figure online)
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Consequently, buffer solutions were able to dissolve

the total amount of silicon content in the spruce

needles.

In contrast, the amount of silicon dissolved from the

spruce needles (TN) showed a specific dissolution

curve (Fig. 1). At pH 3.6, this started to increase

moderately with pH, but the intensity of dissolution

decreased above pH 8.0. Above pH 11.1, dissolution

increased again with greater pH. Between pH 3.6 and

11.9 the silicon content of the solution increased

continuously with time, and did not stop on day 22.

The dissolved silicon content of the solution was

13.6 mg L-1 at pH 8.0 on day 22, the highest value

measured during the experiment.

The dissolution curve of spruce needle ash (TA)

was different from that of the TNs themselves (Fig. 1).

At pH 3.3, this began to increase moderately with pH,

then the first high value of dissolution occurred at pH

7.3, 29.5 mg L-1 on day 18. After a small decrease at

pH 8.0 (28.6 mg L-1 on day 18), dissolution again

increased with pH. The silicon content of the solution

did not increase by day 22, and the highest silicon

content was 39.3 mg L-1 at pH 10.4 on day 18, almost

three times greater than the highest value recorded for

the dissolution of needles. In the case of both TNs and

TAs, the total silicon content was not dissolved by day

22 of the experiment (Fig. 2).

Changes of morphotypes

After treatment at different pH values, phytoliths of

TNs were studied in situ, i.e. in the needle tissue under

a stereomicroscope (Fig. 3). There was no significant

difference between the number of phytoliths in TNs at

different pH values. Several phytoliths were seen at

pH 2.0 and at pH 12.0 (Fig. 3). At pH 8.0, needles

contained phytoliths, but a few needles presented

without phytoliths (Fig. 2).

There were two different forms of dissolved

phytoliths in the ash of the TNs. One was a dissolved

type with cavities in the phytolith. This is a frequent

dissolution indicator that occurs on the surfaces of

elongate phytolith types and the guard cells of the

stomata (Fig. 4a–c). The other abundant dissolution

type was the darker, eroded type, which was often

cracked or broken (Fig. 4e–f). As expected, the

number of partially dissolved morphotypes and frag-

ments increased with pH, but there were also unmod-

ified phytoliths (Fig. 4d).

Changes in the Picea-blocky morphotype were

studied and the amount of other phytolith

Fig. 2 Solubility of the silicon of spruce needles, ash of needles, silica gel and diatomite at different pH values on day 22. Dashed line

(Si total) shows the total amount of average Si content in the spruce needles. (Color figure online)
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morphotypes and the silicified tissues were counted

(Fig. 5). Percentages of the dark, eroded, blocky

phytolith morphotype increased with pH in acidic

buffers, and the highest value (51%) was found at pH

6.9. At alkaline pH, numbers of eroded phytoliths were

smaller. On the other hand, the number of uneroded

phytoliths decreased continuously with the increasing

pH. At pH values for which Si dissolution was

considerable, the percent of silicified tissues

decreased, whereas the number of other morphotypes

increased.

Phytolith surface changes evaluated by SEM

To understand phytolith changes associated with

dissolution and to acquire comparative data on eroded

phytoliths, we studied their surfaces by SEM. The

phytolith surfaces of the TNs were compared to

untreated, control material. Untreated blocky-type

phytoliths have a specific ultrastructure with tiny

granules of opal (Fig. 6a, b), and we also found this

characteristic structure on the surface of TN phytoliths

at pH 2.0 (Fig. 6c, d). This ultrastructure is typical for

phytoliths treated at acidic pH, whether in the TN ash

(Fig. 6c) or in situ, in the TN tissue (Fig. 6d). As the

light-microscopic pictures show, there were unam-

biguous signs of dissolution on the phytolith surfaces

in alkaline solutions, as these surfaces became dark.

After treating the needles at pH 9.1 and 10.4, the

phytoliths became smoother, as tiny particles fused

into a more or less flat surface seen under the SEM

(Fig. 6e, f). This surface structure was typical of

phytoliths that originated from TN tissue and TN ash.

Phytoliths from the TN ash show pitted surfaces at pH

9.1 (Fig. 6f).

At pH 11.9, we found eroded phytoliths, similar to

surfaces described above in the ash and tissues

(Fig. 7a–d). Broken and eroded phytoliths, with

dissolved cavities, were also found (Fig. 7d–f).

Element concentrations

Several dark-colored phytoliths were found in TNs at

alkaline pH. One of our aims was to establish the

reason for this, using EDX measurements on phy-

toliths in TN tissues and in the TN ash. Differences in

element contents between phytoliths treated at acidic

and alkaline pH are clear (Fig. 8). At acidic pH, EDX

revealed only carbon, silicon and oxygen in phytoliths

in ash and tissue. In control phytoliths, and phytoliths

treated with alkaline pH, however, aluminum, mag-

nesium, calcium, and potassium were found in various

amounts in ashed and tissue phytoliths (Fig. 8).

Control phytoliths did not contain sodium in measur-

able amounts, in contrast to phytoliths treated at

alkaline pH. Compared with the reference data from

untreated phytoliths, our results showed that the

diversity of elements in phytoliths was lower at acidic

pH. There were no significant differences in element

content between phytoliths from ashes and tissues, or

among the different pH treatments.

PCA showed that the first three principal compo-

nents account for 60%, 28%, and 10% of the

variability in the data, with the first two principal

components accounting for 88%. Additional principal

components did not add considerable information.

Two or three groups can be distinguished. First, the pH

2–12 group, second is the pH 9–10 group, and the third

may be the reference group, but its separation from the

pH 2–pH 12 groups is only clear a priori (Fig. 9). The

results show that the element concentrations in the ash

Fig. 3 Stereomicroscopic pictures of the longitudinally cut spruce needles after treatment at different pH values. a pH 2.0, b pH 8.0,

c pH 8.0, d pH 11.9. pl phytoliths, cpl cavity of phytolith (encapsuled by cellwalls)
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and tissue phytoliths are distinguishable from each

other after treatment at the same pH (these groups are

marked in Fig. 9). The results of the PCA confirm that

the most important elements causing dissimilarities

among the studied phytoliths are carbon, calcium,

potassium and sodium, as shown by loadings of the

variables onto the first two principal components

(Table 1). Relatively large negative values of carbon

content have the effect that tissue phytoliths with

higher carbon content are on the left side and ash

Fig. 4 Partially dissolved spruce phytoliths from the ash of the

needles (TNs) treated at different pH solutions. a elongate

epidermal phytoliths with dissolved cavities (pH 2–3.5), b guard

cell phytoliths with dissolved cavities (pH 2), c apparatus of

stoma with dissolved cavities (pH 7), d dark, eroded Picea-

blocky phytoliths (pH 2–10), e cracked or broken Picea-blocky

phytoliths (pH 7-pH 12), f a cracked, eroded Picea-blocky

phytolith and an epidermal phytolith with dissolved cavities (pH

10). Scale bar: 10 lm
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phytoliths with lower carbon content on the right side.

Similarly, relatively high positive loadings of calcium

and potassium show that ash phytoliths contain more

of these elements than do tissue phytoliths, and their

positions are located in opposite directions. Loading of

sodium onto the second principal component results in

a large positive value, illustrating that treated ash

phytoliths, as well as tissue phytoliths, contained

relatively large amounts of Na. At the same time, we

could not find Na in the reference phytoliths or

phytoliths in needles treated at pH 2.

Discussion

Solubility of phytoliths

Several studies have been done on the dissolution

properties of silicon and phytoliths. Authors investi-

gating this theme, however, used different extraction

methods and different test subjects to describe silicon

turnover, thus making it difficult to compare results

between studies, and with our results (Cabanes et al.

2011; Cabanes and Shahack-Gross 2015; Haynes and

Zhou 2018; Tran et al. 2018). Dissolution of ‘‘in situ’’

silicon, which is integrated into the tissues of needles,

may be bound in several organic forms. Our results,

therefore, would not be expected to be comparable

with results of dissolution experiments on phytoliths

released from plant tissues.

The pH-dependent dissolution of silica gel and

diatomite in our experiment was similar to what has

been reported in the literature (Morey et al. 1964;

Krauskopf 1956; Tubana and Heckman 2015). We

note that diatomite from Miocene sediments may be

partially dissolved or leached.

Alkaline media (pH 8.0 or higher) increased the

solubility of silicon in silica gel, diatomite and needle

tissues and phytoliths. This finding has been recog-

nized and used in plant nutrition in the last decade. For

instance, Wang et al. (2018) established that 1% KOH-

enhanced biochars, when added to soils, increase

significantly the silicon available to plants.

Fig. 5 Abundance of spruce needle (TN) phytolith types treated at different pH solutions. a eroded Picea-blocky phytoliths, b non-

eroded Picea-blocky phytoliths, c tissue fragments, d other morphotypes
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Beyond the different Si dissolution curves at

different pHs, the solubility of silicon from the needle

tissues and from the phytoliths was much lower than

from silica gel or diatomite. Specifically, the highest

silicon solubility from needles was 13.6 mg L-1 at pH

8.0 and for the ash, 39.3 mg L-1 at pH 10.4. In

Fig. 6 SEM pictures of the spruce needle phytoliths (TN)

treated at different pH solutions. The embedded photos highlight

the surfaces of the phytoliths. a Control Picea-blocky phytoliths

in the transfusion tissue of the needle, b tiny granules of control

Picea-blocky phytolith, c phytoliths in the transfusion tissue at

pH 2.0, d phytoliths in the TN ash at pH 2.0, e phytoliths in the

transfusion tissue at pH 9.1, f phytoliths in TN ash at pH 9.1
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contrast, from silica gel it was 217. 7 mg L-1 at pH

11.9 and from diatomite, was 216 mg L-1 at pH 11.9.

The solubility of silicon from needles was about one-

third the solubility from phytoliths, and we therefore

concluded that the tissue of the needle protected the

silicon from dissolution. A phytolith dissolution

Fig. 7 SEM pictures of the spruce needle phytoliths (TN)

treated at different pH solutions. The embedded photos highlight

the surfaces of the phytoliths. a Picea-blocky phytoliths in the

transfusion tissue at pH 10.4, b phytoliths in the TN ash at pH

10.4, c phytoliths in the transfusion tissue at pH 11.9,

d phytoliths in the TN ash at pH 11.9, e phytoliths in the TN

ash at pH 11.9, f surface of the phytoliths in TN ash at pH 11.9
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experiment was discussed by Cabanes and Shahack-

Gross (2015), who compared the solubility of five

modern and fossil phytolith assemblages at pH 10.

This expanded on their earlier study (Cabanes et al.

2011), which showed that the solubility of modern

plant phytolith assemblages was larger than values

from fossils, and ranged between 3.3 and 4.1 mM Si

(92.7–115.2 mg L-1), and slightly greater than the

solubility of silica gel at pH 10 (67.0 mg L-1) in our

experiment. Later authors found that the solubility of

fossil phytoliths from sediments at two archaeological

sites was less (1.6 to 2.1 mM Si [45.0–59.0 mg L-1]),

which probably resulted from the fossil phytoliths

being more stable. Nevertheless, the solubility of these

Fig. 8 Differences in element contents between phytoliths

treated at acidic and alkaline pH. The diversity of elements in

phytoliths was lower at acidic pH. Mean values ± 5% standard

error of element content of the spruce needle phytoliths treated

at different pH solutions. * = values below the threshold (0.1

atom%). Brown bars: element content of the reference

phytoliths, blue bars: element content of the phytolith in TN

ash, green bars: element content of the phytolith in the needle

tissue. (Color figure online)
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fossil phytoliths was ten times the solubility of silicon

that originated from spruce needles in our study. Based

on the Cabanes et al. (2012) measurements, as

dissolution values[ 3 mM Si [4.3 mg L-1] indicate

excellent preservation, values in our study were

evidently low. Consequently, preservation of Si (and

phytoliths) in needle tissue appears to be efficient. In

addition, we note that biochemical processes in

sediments may be more complicated. Nevertheless,

Alfredsson et al. (2016) found that accelerated silicon

dissolution processes by microbes in aquatic ecosys-

tems cannot be assumed, as microbial activity does not

increase Si release from phytoliths, in contrast to what

occurs with diatoms. This finding suggests that silicon

solubility from needle tissues is not accelerated

measurably by microbial activity in natural sediments.

One result of our experiment, that Si solubility

decreased between pH 8.0 and 11.1 in the needle

tissues after day 2, suggests that needle tissue behaved

similar to soil particles that adsorb silica maximally at

pHs between these values (Haynes and Zhou 2018).

SiO2 monomers and oligomers precipitate on the

surfaces of positive metal ions (Iller 1979). This pH

range probably keeps silica in a more tightly bound

condition, producing complexes in the tissues of the

spruce needle, similar to what occurs in soils. The Si

solubility from needles is highest between pH 6.9 and

9.1. This particular pH range is similar to the pH

interval 6.8–9.6, typical of glacial lake and bog

sediments (Ryan and Kahler 1987; Vocadlova et al.

2015). Solubility was most intense in this pH range,

whereas phytoliths in the spruce needles were rela-

tively well preserved after treatment.

Silica structures in plants are thought to represent

the largest and most reactive silicon reservoir in soils,

even compared with mineral quartz (Puppe et al.

2017), and in sediments (Tallberg et al. 2015). Natural

abscission and accidental deforestation cause huge

amounts of needle transport to glacial lakes. Ronchi

et al. (2018) addressed the transfer of terrestrial

siliceous material from the continent to the coast, but

their findings may also hold for spruce forest/glacial

lake systems, especially as stands of spruce forest in

Norway show large Si uptake from soils (43 kg ha-1 -

a-1; Cornelis and Delvaux 2016). Ronchi et al. (2018)

reported that up to 40 years after deforestation, peaks

of Si content, a sign of Si export from deforested soils,

are observed in rivers, and are attributed to erosion of

the upper soil layer, which contains a large BSi pool.

Our results thus remind researchers of the important

role of spruce needles in the silicon biogeochemical

cycle, and are useful in shedding light on the

biogeochemical effects of deforestation and other

land-use impacts.

The preservation of phytoliths in soils depends on

soil depth and water availability (Alexandre et al.

1997; Derry et al. 2005; Blecker et al. 2006; Cabanes

Fig. 9 Principal component analysis (PCA) score plot of the

element content data of the phytoliths treated at different pH

solutions

Table 1 Principal component analysis (PCA) on element

content data was conducted to investigate which elements

cause dissimilarities between the TN ash and the TA, as well as

between the different pH treatments

Axis 1 60% Axis 2 28% Axis 3 10%

C - 0.657 0.355 0.593

O 0.076 - 0.132 - 0.112

Si 0.042 - 0.123 - 0.218

Ca 0.590 0.171 0.574

K 0.446 0.219 0.179

Na 0.060 0.873 - 0.436

Al 0.049 0.014 - 0.021

Mg 0.085 - 0.042 0.188

Loadings of each variable onto the first three principal

components (PC). Variables with high loadings are shown in

bold typeface
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and Shahack-Gross 2015). In that lake sediments,

where the environment is considerably more humid,

and pH can be predominantly alkaline (Ryan and

Kahler 1987; Vocadlova et al. 2015), the chance of

phytolith dissolution is higher. As our results show,

dissolution may be moderated to some degree by

needle tissues, including the thick epidermis and waxy

cuticle. Phytoliths and silicon content were preserved

three times more effectively in needle tissue than in

ash. This durability may prove to be an advantage in

paleoecological studies, in that fossil spruce needle

silica and phytoliths may be useful tools, with respect

to morphometrics, element composition and isotope

ratios.

Changes of morphotypes

The two types of phytolith degradation seen in this

study were observed earlier. Eroded forms of elongate

psilate phytoliths, with heavily etched surfaces

observed under a light microscope, were reported by

Madella and Lancelotti (2012) and Strömberg et al.

(2018). Tiny holes on the surfaces of the phytoliths,

caused by dissolution, were reported by Osterrieth

et al. (2009). These etched phytoliths, which originate

from the needle epidermis cells and stomata, seem to

be cell-wall silicified opals. Thus, this form of

dissolution and erosion may reflect a distinctive

characteristic of cell wall phytoliths (Hodson 2016;

Alexandre et al. 2015).

The fact that a number of phytoliths in the ‘other

morphotype’ group did not show considerable alter-

ation as pH of the media increased, shows that the

amount of dissolved Si in solution during the exper-

iment originated in part from the diffuse silica pool of

the apoplast of needle tissues. Moreover, it appears the

Si was from partly dissolved surfaces of the phytoliths,

not from the large number of totally dissolved

phytoliths. The sign of partial dissolution was the

dark (light microscopic), flat (SE microscopic) sur-

face. Additionally, at alkaline pH, where dissolution

was intense, less silicified tissue fragments were

revealed. Consequently, at alkaline pH, disintegration

of the tissues was more intense than at acidic pH.

The number of phytoliths was high in some cases,

simply because of the number of broken pieces.

Although the number of eroded Picea-blocky type

phytoliths decreased between pH 8.0 and 11.1, as did

the solubility of Si from needles, the number of the

other morphotypes increased, and the number of tissue

fragments decreased. These results demonstrate pri-

marily that the Si solubility of the apoplast (cell walls

and inter-cellular structures) was blocked at this pH

range.

Dark (black or brown) phytoliths found in sedi-

ments and buried soils are interpreted as reflecting fire,

and dark changed color is thought to reflect the

burning of ‘‘occluded organic material’’ (Aleman et al.

2014). Dark fossil phytoliths, however, are also found

in sediments of paleosols, where evidence of burning

cannot be seen (Parr 2006). Boyd (2002) reported that

plant samples contained dark carbon inclusions after

being burned between 300 and 500 �C in a laboratory

kiln. Some researchers observed naturally dark phy-

toliths in some Poaceae species. Other elements, in

addition to carbon, can cause black or dark colors, and

Wilding et al. (1967) found that the iron or manganese

content of the soil correlated with the darkness of

phytoliths. Our results show that in alkaline solution,

some elements can be incorporated into the silica

structure, and perhaps cause dark color.

We cannot dismiss the fact that a fossil phytolith

may lose its fine, characteristic ornamentation after

thousands of years. Experiments by Cabanes and

Shahack-Gross (2015) and Osterrieth et al. (2009),

however, showed that biogeochemical processes,

which play a role in phytolith degradation, are not

dependent primarily on the time scale.

Surface changes evaluated by SEM

Globular silica is typical for Picea-blocky phytoliths

and is one of the known silica ultrastructure forms

(Hodson 2016). The change in surface structure of

spruce phytoliths caused by dissolution can also be

brought about by natural processes in the environment.

For example, Puppe and Leue (2018) studied Poaceae

phytoliths by confocal laser scanning microscopy and

reported that, compared to fresh phytoliths, the surface

roughness of aged phytoliths decreased after deposi-

tion in soils. Correspondingly, Fraysse et al. (2009)

described differences in specific surface areas of some

phytoliths treated in mixed-flow reactors (25 �C, pH

1–9). Wilding and Drees (1974) also attributed the

difference between solubility of phytoliths from trees

and grasses to differences in specific surface areas, as

was confirmed by Meunier et al. (2014). It seems that

alteration of the globular ultrastructure and roughness

123

78 J Paleolimnol (2020) 63:65–81



of the phytolith surface is a useful tool to estimate the

degree of dissolution in the sediments.

Element content

At alkaline pH, the diversity of chemical elements in

phytoliths was larger, as potassium, sodium, calcium,

magnesium, and aluminum were found in the ash and

tissue phytoliths. There was, however, no difference in

carbon content of phytoliths at alkaline versus acid pH

(measured by EDX). Therefore, it is unlikely that dark

phytoliths obtain their color solely because of higher

carbon content. Results of the PCA confirm that the

most important elements that caused dissimilarities

among the studied phytoliths were carbon, calcium,

potassium and sodium. Between approximately pH 8.0

and 11.1, dissolution of silicon decreased, whereas

element diversity increased at these pH values.

Consequently, there may be a relationship between

the element content and solubility of phytoliths, as

suggested by the study of Osterrieth et al. (2009) in

which elemental concentrations in eroded phytoliths

were more diverse than in whole, intact ones.

The role of element content in phytolith solubility is

not entirely clear (Puppe and Leue 2018). For

example, aluminum content may affect solubility

(Bartoli and Wilding 1980; Bartoli 1985), but at the

same time, Fraysse et al. (2009) reported that

aluminum had no effect on phytolith solubility.

Additionally, phytoliths with different elemental con-

tents would be sources for these elements, and

phytolith dissolution could thus affect the biogeo-

chemical cycles of these elements (Tran et al. 2018).

As Osterrieth et al. (2009) suggested, the degradation

process of phytoliths usually starts with the initial

destruction of plant tissues. In some environments,

extraneous elements may build up in the phytolith

silica matrix when decomposition of the plant begins.

Our experiment suggests that higher element content

is an effect of the partial dissolution and is not the

reason for more intense dissolution.

Conclusions

1. Dissolution of silicon in spruce needles was to

some extent inhibited between pH 8.0 and 11.1.

One reason may be that elements in needle tissues

form complexes within and on the surfaces of

silica. Needle tissue protects phytoliths against the

erosion process at this alkaline pH range.

2. If, however, Si dissolution does occur, most

dissolved silicon seems to originate from phytolith

surfaces and the silica matrix of the apoplast in the

tissues, rather than whole-phytolith dissolution.

Evaluation of the number of phytoliths that

underwent total dissolution is difficult.

3. Alkaline destruction and incorporation of extra-

neous elements caused the darkening of phy-

toliths. Our experiment suggests that extraneous

metal elements are incorporated into the silica

structure during the dissolution process. Higher

element content is a consequence of partial

dissolution, not the cause of dissolution.

4. The ultrastructure of the surface of the Picea-

blocky type phytoliths, namely the disappearance

of the globular structure, is a useful indicator of

the degree of degradation in the sediments.

5. Our experimental treatments indicate that charac-

teristic Picea-blocky phytoliths in Norway spruce

needles may be well-preserved in some glacial

lake sediments. Combined with other micro-

analytical measurements, analyses of such phy-

toliths hold promise for paleoenvironmental

reconstructions.
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