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Is foliar tissue drying and
grinding required for reliable
and reproducible extraction of
total inorganic nutrients? A
comparative study of three
tissue preparation methods

Rakesh Minocha* and Stephanie Long

USDA Forest Service, Northern Research Station, Durham, NH, United States
In response to abiotic and biotic stress or experimental treatment(s), foliar

concentrations of inorganic nutrients and metabolites often change in concert

to maintain a homeostatic balance within the cell’s environment thus allowing

normal functions to carry on. Therefore, whenever possible, changes in cellular

chemistry, metabolism, and gene expressions should be simultaneously

evaluated using a common pool of tissue. This will help advance the

knowledge needed to fill the gaps in our understanding of how these

variables function together to maintain cellular homeostasis. Currently, foliar

samples of trees for total inorganic nutrients and metabolic analyses are often

collected at different times and are stored and processed in different ways

before analyses. The objective of the present study was to evaluate whether a

pool of wet (previously frozen) intact tissue that is used for metabolic and

molecular work would also be suitable for analyses of foliar total inorganic

nutrients. We compared quantities of nutrients extracted from wet-intact,

dried-intact, and dried-ground tissues taken from a common pool of

previously frozen foliage of black oak (Quercus velutina L.), sugar maple

(Acer saccharum Marshall), red spruce (Picea rubens Sarg.), and white pine

(Pinus strobus L.). With a few exceptions in the case of hardwoods where

concentrations of total Ca, Mg, K, and P extracted from wet-intact tissue were

significantly higher than dry tissue, data pooled across all collection times

suggest that the extracted nutrient concentrations were comparable among

the three tissue preparation methods and all for species. Based on the data

presented here, it may be concluded that drying and grinding of foliagemay not

be necessary for nutrient analyses thus making it possible to use the same pool

of tissue for total inorganic nutrients and metabolic and/or genomic analyses.

To our knowledge, this is the first report on such a comparison.
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1 Introduction

Traditionally, leaf samples have been prepared by oven-

drying followed by grinding the tissue to powder before

analyzing for total inorganic nutrients (Pequerul et al., 1993;

Linder, 1995; Hansen et al., 2009; Ribeiro et al., 2022; Richard,

2022; Wen et al., 2022). This required the collection and

processing of relatively large quantities of green leafy tissue.

Another reason for using a larger sample size in many studies

was the need to cut the cost of analyses by pooling same-age leaf

tissues either from several branches of a single tree or from 4 or 5

trees per species into one composite homogeneous sample

(Minocha et al., 2000; Elvir et al., 2010). In several other

studies where stand-level estimates were needed, even 4-5 age

classes were pooled into a single sample before analyses (Dauer

and Perakis, 2014). However, recent investigations in our

laboratory (personal communications Alex Young and others)

and previously published reports (Lewis et al., 2000; Liu et al.,

2012; Niinemets et al., 2015) have revealed that the

concentrations of not only total inorganic nutrients but other

physiological and metabolic parameters also vary significantly

within the depth of a crown. According to these records, even

when branches were sampled from within the mid-canopy area

for a given study, but the distance from the top of the canopy

varied more than two meters for the same trees, the

concentrations of nutrients and metabolites in the foliage

would be significantly different. Reported literature shows that

under abiotic and biotic stress dilute acid-soluble inorganic

nutrients and metabolites changed in concert in order to

maintain homeostatic balance within cells (Minocha et al.,

1997; Bubier et al., 2011; Schaberg et al., 2011; Ma et al., 2020;

Mcdermot et al., 2020; Minocha et al., 2021; Blagden et al., 2022;

Majumdar et al., 2022). Thus, the current practices of pooling

foliar tissue (as described above) followed by drying and

grinding before total inorganic nutrients analyses, though

economical, are not the best if the goal is to advance our

understanding of the collaborative role of nutrients alongside

metabolites in maintaining homeostasis within the plant tissue

under study. Therefore, ideally, an overall smaller and more

homogeneous pool of tissue (collected from a well-defined area

of the canopy for all the trees in a study) should be divided for

simultaneously analyzing the relationship of metabolites and

nutrients to evaluate the role of these variables in growth

maintenance and stress regulation.

Presently, tissue samples for metabolic and molecular

measurements are often taken as small subsamples (25 mg to

200 mg of fresh weight) from a common pool so the data

gathered from these various analyses can be used to

understand metabolic regulation within cells under the study

conditions. The tissue for such work is often collected in small

microfuge tubes and is either flash-frozen in the field or kept on

ice until arrival in the laboratory and then frozen at -20°C until

analyses. It would be ideal to use a subsample from the same
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tissue pool for total inorganic nutrient analyses because this will

not only allow for studying the relationships among all these

variables under the same conditions but also increase our

knowledge regarding how they all function together. The goal

of the present study was to take a subsample for inorganic

nutrient analyses from a pool of tissue that was collected for

metabolic and molecular analyses in order to evaluate whether

total inorganic nutrients could be extracted equally efficiently

using wet (previously frozen) leaf discs when compared with

dried and often ground tissue used currently.

We compared the quantities of total inorganic nutrients

extracted directly from: 1) wet (not oven-dried and not ground);

2) oven-dried intact; and 3) oven-dried ground tissues using

previously frozen stocks of black oak (Quercus velutina L.), sugar

maple (Acer saccharum Marshall), red spruce (Picea rubens

Sarg.), and white pine (Pinus strobus L.) foliage. We

hypothesized that the tissue prepared by any one of the three

ways would extract identical amounts of inorganic nutrients.

This experiment was repeated over four seasons with four trees

per species for assessing whether this data would be reproducible

and reliable for use at any time of the year.
2 Materials and methods

2.1 Site description

Foliar samples of red spruce, white pine, black oak, and sugar

maple were collected from trees growing at sites owned and

managed by the University of New Hampshire, Durham, NH,

USA. Black oak and sugar maple samples were collected from

East Foss Farm, (Durham, NH, N43° 07’ 08” W70° 56’ 12”), red

spruce from the Kingman Farm plantation (Madbury, NH, N43°

10’ 21” W70° 55’ 45”), and white pine from the Woodman

Horticultural Farm (Durham, NH, N43° 08’ 52” W70° 56’ 26”).

More information for each site is available at https://colsa.unh.

edu/woodlands/managed-properties. Climate data for the town

of Durham, NH, and Madbury, NH is available at https://www.

uscl imatedata .com/cl imate/durham/new-hampshire/

united-states
2.2 Foliar sampling

Samples were collected four times (June and September of

2014, and February and April of 2015) for conifer trees and three

times for hardwoods (June and September of 2014, and July of

2015). Both current-year (CY) and previous-year (PY) foliage

were sampled for the red spruce at all four collection times.

However, whereas white pine CY was sampled at all four

collection times, PY foliage could only be sampled in June of

2014 due to defoliation caused by needle-cast fungi. Samples

were collected from the same general area at mid-canopy using a
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pole pruner, and both CY and PY foliage was collected from the

same branchlet. Foliage remained intact on the woody stems and

was placed in a cooler for transport back to the laboratory (US

Forest Service, Louis C. Wyman Forestry Sciences Lab, Durham,

NH) and processed immediately upon arrival. For each

collection, four trees per species (n = 4) were sampled except

in June 2014 where n = 1 for all species.

Visually healthy leaves from several branchlets were chosen

from each sample. For each tree, a pool of approximately five

grams (g) of leaf tissue was collected. Hardwood samples were

collected as leaf disks using a paper punch (6.4 mm in diameter)

avoiding the thick midrib. The foliage of conifer trees was finely

chopped into small (1-2 mm) pieces using scissors. Each sample

was thoroughly mixed to create a homogeneous pool which was

then kept frozen at -20°C until the time of analysis. For the three

tissue preparation methods, pooled tissue for each tree was

thawed and subsamples were taken and processed as described

below. For dried-ground and dried-intact tissue samples,

approximately three g of tissue was placed in a clean Qorpak

jar (Berlin Packaging, Chicago, IL, USA) and oven-dried at 70°C

for seven days. Initial fresh weights and final dry weights were

recorded to calculate the percent moisture content. For the

dried-ground method, approximately one g of the dry material

was ground for one minute using a SPEX SamplePrep shatterbox

(Metuchen, NJ, USA) with a small volume ball mill to produce a

fine homogeneous powder. The rest of the dry tissue was used for

the dried-intact method. All dried samples were stored at room

temperature (~20°C). The remaining pool of thawed tissue was

returned to the freezer where it remained until thawed again just

before being weighed for analysis. Except for one time period of

June 2014, four replicate trees were used for each kind of tissue

preparation to make sure the data are reproducible. Two analytical

replicates were microwave digested for each sample.
2.3 Microwave digestion of foliage

Samples for all three methods were digested in Teflon vessels

using a MARS™ Xpress microwave (CEM Corporation,

Matthews, NC, USA) following EPA compendium SW-846,

Test Method 3052 (Microwave assisted acid digestion of

siliceous and organically based metrics, 1996). A day before

microwave digestions, the dry samples and National Institute of

Standards and Technology (NIST) standards (apple, peach,

pine) were oven-dried overnight at 60°C in open Qorpak jars

and kept in a desiccator cabinet until ready to be weighed.

Samples were thoroughly mixed before weighing .

Approximately 100 ± 5 mg dried tissue and 150-160 ± 5 mg

fresh tissue (to compensate for the difference (~50-60%) in

moisture content between the wet and dry samples) were

weighed and transferred to a digest vessel. Each microwave

digestion run of 20 Teflon vessels contained a blank, a

standard, and analytical replicates for the samples that were
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placed in the second ring of the turntable to test for any location

effects on the extractions. Five ml of concentrated nitric acid

(HNO3) was added to each vessel and swirled gently making sure

no sample was stuck on the sides of the vessel. The mixtures were

predigested without caps on the vessels for 15 minutes during

which the vessels were swirled two more times. Each vessel was

capped with a vent plug and a screw cap. The screw cap was then

tightened by inserting it into the capping station with the motor

rotating continuously (torque was preset). Vessels were capped

and placed into a composite sleeve in the appropriate slot on the

turntable by pressing down firmly on the cap to seat the vessel/

sleeve in the turntable completely. The power (1600 Watts) used

in the method was dependent upon the number of vessels in

each run: 60% power for 8-16 vessels; 80% for 17-23; and 100%

power for 24-40 vessels. During the run, all composite sleeves

were kept in the turntable, even if not holding a vessel. The foliar

digestion method used in this study was a ramp-to-temperature

method where the temperature was ramped to 200°C over 15

minutes and then was held at 200°C for 15 minutes. After the

run, the microwave automatically went to a 10-minute cool-

down period. The turntable was then carefully removed to

exhaust hood and allowed to cool further for another 15-30

minutes before uncapping the vessels. The vent plug was

removed, and any sample present in the plug was carefully

rinsed into the vessel with deionized water, the solution was then

transferred into a 50 ml acid-washed centrifuge tube. The sides

of each vessel were then carefully rinsed (two to three times)

with deionized water into the same centrifuge tube not to exceed

a total volume of 25 ml. The solution was allowed to cool down

to room temperature before adjusting the volume if necessary.

The caps were secured and the contents were mixed thoroughly.
2.4 Quantitation of nutrients
and quality control

Nutrient analyses and quantitation were conducted using a

simultaneous axial Inductively Coupled Plasma Optical

Emission Spectrophotometer (ICP-OES; Vista CCD, Varian,

Palo Alto, CA, USA) and Vista Pro software (version 4.0)

following EPA compendium SW-846, Test Method 6010D.

National Institute of Standards and Technology (NIST,

Gaithersburg, MD, USA) standards for Eastern white pine

(SRM 1575A), peach (SRM 1547), and apple (SRM 1515)

leaves were all within 5 to 10% of the expected range for each

nutrient; Ca and P were higher and Al and Mn were lower than

the expected values. There are no registered NIST standards for

fresh foliar tissues. However, we also used a groundwood

reference for quality control and assurance. This reference

material was prepared in our laboratory and has been used

routinely for 20 years. For all samples, a standard curve was

repeated after every 20 samples, and check standards were run

after every recalibration and after every 10 samples.
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2.5 Statistical analyses

A modified Thompson Tau Test was conducted to remove

outliers from the data before conducting statistical tests

(Thompson, 1985). For each species, the effect of tissue

preparation methods on foliar nutrient concentrations was

tested individually using a one-way ANOVA. Means from

significant ANOVA were compared using Tukey’s Least

Significant Difference (LSD) test (P ≤ 0.05). All analyses were

done using SYSTAT Version 10.2 for Windows (SYSTAT,

Richmond, CA, USA) and Microsoft Excel (Version 2010).
3 Results

All nutrient data in this study (whether from fresh or dry

tissue) have been presented on a fresh-weight basis because

metabolic and molecular data are often presented on a fresh-

weight basis. The authors acknowledge that presenting results on

either a fresh or dry weight basis would not change the observed

trends. The first figure presents an overall summary of method

comparisons for each species based on data pooled from all

collections made over different seasons. The data on the effects of

seasons on quantities of total nutrients extracted by the three

methods are presented by following these concentrations in a

single representative tree per species (Figures 2-6). The data on

the four replicate trees per species for each season (except for

June 2014) show the replicability and reproducibility of the

methods (Supplementary Figures 1–10). Raw data for all micro-

and macro-nutrients extracted for collections for the present

study are provided in in Supplemental tables 1-6. In general, it

was observed that potassium concentrations were most variable

among individual trees and with changes in the season.
3.1 Hardwoods

Based on pooled data, higher amounts of Ca, Mg, K, and P (P

≤ 0.05) were consistently exracted from wet tissue of sugar maple

and black oak compared with dry tissue methods (Figure 1). The

extracted amounts from the dried-ground and dried-intact

tissues were the same for both species (Figure 1). When a

single tree of either maple or oak was tracked over seasons,

the concentrations extracted from wet tissue were higher. This

trend was more prominent relative to the two dry tissue methods

in September 2014 and July 2015 relative to June 2014

(Figures 2, 3). This observed trend with single trees through

different seasons repeated itself for the foliage of all four replicate

trees of maple and oak that were collected in July 2015 and also

in September 2014 (Supplementary Figures 1–4) demonstrating

the reliability and reproducibility of both wet and dry-intact

tissue extraction methods for quantitation of total nutrients in

sugar maple and balck oak foliage.
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3.2 Conifers

Based on pooled data, there were no significant differences

between the concentrations of nutrients extracted by the three

methods in CY or PY red spruce foliage (Figure 1). When a

single tree was followed over different seasons, it was observed

that with one exception of September 2014, wet-intact CY and

PY foliage of red spruce showed a trend towards slightly higher

concentrations of total inorganic nutrients than those extracted

from dried tissue at all collection times (Figure 4). For both

needle age classes, the extracted amounts from dried-ground and

dried-intact tissues were comparable (Figure 4). Similar trends

were observed for each of the four replicate trees sampled in

September 2014 (Supplementary Figure 5), February 2015

(Supplementary Figure 6), and April 2015 (Supplementary

Figure 7) again validating the reproducibility and reliability of

the results.

Based on pooled data, Similar to red spruce, white pine CY

and PY (June 2014 collection only) foliage also revealed no

significant differences in the concentrations of nutrients

extracted by any of the three methods. (Figure 1). When a

single tree was followed over different seasons, it was observed

that with one exception in September 2014, concentrations of

total inorganic nutrients extracted from wet-intact CY foliage of

white pine were slightly higher than those extracted from dried

tissues at all collection times (Figure 5). Results similar to those

observed for CY foliage in June 2014 were also observed for PY

foliage collected only one time in June 2014. (Figure 6). In all

cases, extracted amounts from dried-ground and dried-intact

tissues were comparable (Figures 5, 6). Similar trends observed

in four replicate trees of CY foliage sampled in September 2014

(Supplementary Figure 8), February 2015 (Supplementary

Figure 9), and April 2015 (Supplementary Figure 10)

demonstrated the consistency and reproducibility of the results.
4 Discussion

Previous research from our laboratory has shown that

cellular concentrations of dilute acid (5% perchloric acid

soluble) extractable inorganic nutrients and metabolites from

the same pool of wet (previously frozen or fresh) foliage of

plants/trees often changed in concert and many showed strong

relationships with each other in response to abiotic and biotic

stress or with experimental treatments. Some examples of such

studies are 1) soil-based N supplementation of the mixed-

hardwood forest at Harvard Forest, MA affected both nutrient

and metabolic profiles of red pine, black and red oak, and red

maple trees (Minocha et al., 2000; Bauer et al., 2004; Minocha

et al., 2015b); 2) Al toxicity originating from acidic deposition

affected soil Al/Ca ratios and homeostatic balance in red spruce

and sugar maple tissues in Northeast New England (Minocha

et al., 1997; Wargo et al., 2002); 3) elevation-dependent changes
frontiersin.org
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occurring simultaneously in cellular soluble nutrients and

metabolites were demonstrated in tree species growing in

different countries (Minocha et al., 2010; Minocha et al.,

2021). Elevation levels are known to be related to air pollution

levels (higher elevations are more exposed to acidic deposition);

4) Climate change also influences foliar nutrition and

metabolism simultaneously as was shown in red maple (Acer
Frontiers in Plant Science 05
rubrum) trees exposed to soil warming with or without induced

freeze-thaw cycles in a northern hardwood forest (Blagden et al.,

2022); and 5) Rhizoctonia solani’s damage to sugar beet

increased in the presence of Leuconostoc mesenteroides as

revealed by altered roots nutrient and metabolite levels in the

infected roots (Majumdar et al., 2022). These authors suggested a

common role of inorganic nutrients and primary metabolism in
FIGURE 1

Comparison of three methods of tissue preparation for extraction of total inorganic nutrients from red spruce, white pine, black oak, and sugar
maple foliage. Data in each bar are mean ± SE of all samples collected from all seasons during 2014-2015 (six times for conifers and four times
for hardwood trees). Replicate numbers for each species across all dates are presented in the order: dried-ground/dried-intact/wet-intact: CY-
RS, PY-RS, and CY-WP = 13/10/13; PY-WP = 1/1/1; BO = 9/6/9 and SM = 11/7/11. Letters on top of the bars indicate significant differences
among the three methods for each species. P ≤ 0.05. CY stands for Current-Year foliage and PY for Previous-Year.
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all host-plant fungal and bacterial pathogens besides the well-

known role of unique pathways and genes in the pathogens

towards maintaining successful pathogenesis and the

development of disease symptoms. These observations

regarding the interactive changes between nutrients and

metabolites listed above were made possible mainly because

our studies used the same pool of tissue for all analyses. To date
Frontiers in Plant Science 06
our group has only tested these relationships with dilute-acid

soluble fractions of nutrients and metabolites that we believe are

more readily bioavailable portions under stressful conditions.

This portion of nutrients contains Ca present as CaOx with 2 N

HCl or 5% PCA (Minocha et al., 2015a). However, scientists in

the biogeochemistry field have always made use of the total

inorganic nutrient concentrations and analyze these by first
A

B

C

FIGURE 2

Comparison of three tissue preparation methods for the extraction of total inorganic nutrients from sugar maple foliage. Data presented here
are from three collections from a single tree in: June 2014 (A); September 2014 (B); and July 2015 (C).
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drying and grinding the leaf tissue (Crim et al., 2019; Mcdermot

et al., 2020; Arseneau et al., 2021; Hong et al., 2022). Therefore,

to bridge this gap and to be able to make more direct

comparisons among both types of reported studies, the present

study was designed to explore an efficient and reproducible way

to conduct total inorganic nutrient analyses using a subsample of

the same pool of wet tissue as is often used for metabolomic and

genomic analyses. Our findings show that similar, if not greater,

amounts of total inorganic nutrients can be extracted from wet
Frontiers in Plant Science 07
compared to dried tissue samples. Further, the efficiency of this

method was comparable regardless of when foliar samples were

collected. Consistency in trends seen in four replicate trees of

each species validated the reproducibility of the results of this

study. The data presented here offer another tool for advancing

our understanding of how these variables function together to

maintain cellular homeostasis. To our knowledge, the current

study is the first to compare different tissue preparation methods

for the optimum extraction of total nutrients.
A

B

C

FIGURE 3

Comparison of three tissue preparation methods for the extraction of total inorganic nutrients from black oak foliage. Data presented here are
from three collections from a single tree in: June 2014 (A); September 2014 (B); and July 2015 (C).
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5 Conclusions

In summary, regardless of tree species, season, needle age, or

variations among replicate trees, the concentrationsof total inorganic

nutrients extracted from dried-ground and dried-intact foliage were
Frontiers in Plant Science 08
comparable. Amounts of Ca,Mg, K, and P extracted fromwet-intact

tissue were generally higher than either dried-intact or dried-ground

tissue for all species, however the differenceswere only significant for

the hardwoods. These consistent differences in extracted amounts

between wet and dried tissue could be the outcome of different ways
A

B D

C

E

F H

G

FIGURE 4

Comparison of three tissue preparation methods for extraction of total inorganic nutrients from red spruce CY foliage (A-D) and PY foliage
(E–H) both collected from the same branchlet. Data presented here are from four collections from a single tree in: June 2014 (A, E); September 2014
(B, F); February 2015 (C, G); and April 2015 (D, H).
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of handling and processing dried vs. wet samples. Thus, if one

routinely uses either wet or dried tissue, the results should be

reproducible and consistent over time. Used as a tool, data

gathered from the same small pool of tissue for nutrients,
Frontiers in Plant Science 09
metabolites, and genomics could speed up the advancement our

understanding of themechanisms regulating cellular health andmay

also help with accurate estimations of canopy performance

when needed.
A

B D

C

FIGURE 5

Comparison of three tissue preparation methods for extraction of total inorganic nutrients from CY foliage of white pine. Data are from four
collections from a single tree in: June 2014 (A); September 2014 (B); February 2015 (C); and April 2015 (D).
FIGURE 6

Comparison of three different tissue preparation methods for extraction of total inorganic nutrients from PY foliage of white pine. Samples were
collected from a single tree in June 2014. White pine PY foliage was not available after June 2014 due to defoliation caused by a region-wide
infestation of needle cast fungi.
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Pequerul, A., Pérez, C., Madero, P., Val, J., and Monge, E. (1993). “A rapid wet
digestion method for plant analysis,” in Optimization of plant nutrition: Refereed
papers from the eighth international colloquium for the optimization of plant
nutrition, 31 august – 8 September 1992, Lisbon, Portugal. Eds. M. A. C. Fragoso,
M. L. V. Beusichem and A. Houwers (Dordrecht: Springer Netherlands), 3–6.
Frontiers in Plant Science 11
Ribeiro, S. A. O., Silva Da, C. S., Nogueira De Araújo, A. R., and Garcia, E. E.
(2022). Solubility of cd, cr, Cu, Ni, and Pb and its correlation with total polyphenols
and soluble melanoidins in hot infusions of green and roasted mate. Biol. Trace
Elem. Res. doi: 10.1007/s12011-022-03314-3

Richard, M. (2022). The potential of Kenyan wild plants as supplements for
calcium, magnesium, potassium, and aluminum. Int. J. Petro. Chem. Natur. Gas. 2,
69–79.

Schaberg, P. G., Minocha, R., Long, S., Halman, J. M., Hawley, G. J., and Eagar,
C. (2011). Calcium fertilization at the Hubbard brook experimental forest
increases the capacity for stress tolerance and carbon capture in red spruce
(Picea rubens) trees during the cold season. Trees 25, 1053–1061. doi: 10.1007/
s00468-011-0580-8

Thompson, R. (1985). A note on restricted maximum likelihood estimation with
an alternative outlier model. R. Stat. Soc Ser. B Methodol. 47, 53–55. doi: 10.1111/
j.2517-6161.1985.tb01329.x

Wargo, P. M., Minocha, R., Wong, B. L., Long, R. P., Horsley, S. B., and Hall, T. J.
(2002). Measuring changes in stress and vitality indicators in limed sugar maple on
the Allegheny plateau in north-central Pennsylvania. Can. J. For. Res. 32, 629–641.
doi: 10.1139/x02-008

Wen, J., Brahney, J., Lin, Y., Ma, Z., Sun, N., Zheng, J., et al. (2022). The scaling
of leaf nitrogen and phosphorus along a phosphorus availability gradient in a
subtropical forest. Plant Ecol. 223, 995–1006. doi: 10.1007/s11258-022-01252-7
frontiersin.org

https://doi.org/10.1023/A:1004775829678
https://doi.org/10.1016/j.foreco.2010.09.002
https://doi.org/10.1023/A:1004293523185
https://doi.org/10.1093/treephys/tpv044
https://doi.org/10.1111/nph.13096
https://doi.org/10.1007/s12011-022-03314-3
https://doi.org/10.1007/s00468-011-0580-8
https://doi.org/10.1007/s00468-011-0580-8
https://doi.org/10.1111/j.2517-6161.1985.tb01329.x
https://doi.org/10.1111/j.2517-6161.1985.tb01329.x
https://doi.org/10.1139/x02-008
https://doi.org/10.1007/s11258-022-01252-7
https://doi.org/10.3389/fpls.2022.1012764
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Is foliar tissue drying and grinding required for reliable and reproducible extraction of total inorganic nutrients? A comparative study of three tissue preparation methods
	1 Introduction
	2 Materials and methods
	2.1 Site description
	2.2 Foliar sampling
	2.3 Microwave digestion of foliage
	2.4 Quantitation of nutrients and quality control
	2.5 Statistical analyses

	3 Results
	3.1 Hardwoods
	3.2 Conifers

	4 Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


