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Accurate measurements of leaf morphology must be taken to develop models of ecosystem productivity and climate
change projections. Once leaves are removed from a plant they begin to lose water and degrade. If specimens cannot be
measured immediately after harvest, it is important to store the leaves in a manner that reduces morphological changes. If
preserved specimens are used, estimates that closely match fresh measurements need to be calculated. This study
examined the change in leaf area after storage treatments and developed models that can be used to more accurately
estimate initial leaf area. Fresh leaf area was measured from ten plant species then stored in one of two common storage
treatments. After storage, leaf area was re-measured and comparisons were made between species and growth forms. Leaf
area decreased the most after permanent storage treatments and the least after temporary storage. Pressed leaves shrunk
over 18% while cold storage leaves shrunk under 4%. The woody dicot growth form shrunk the least in all treatments.
Shrinkage was positively correlated with initial water content and dissection index, a measure of leaf shape and complexity.
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Introduction

Leaf area and shape are two measurements commonly used to
calculate ecological and physiological attributes of plant commu-
nities. Leaf area is used in calculations for leaf area index [1], [2]
and specific leaf area [3-6]. Both of these calculations are used to
model vegetation productivity and photosynthetic capacity [7-10].
Leaf area is also used to calculate stomatal density, a leaf
characteristic that is negatively correlated with increases in
atmospheric carbon dioxide (COy) concentrations [11], [12]. Leaf
shape, particularly complexity (i.e. lobation and dissection), is
correlated with hydraulic resistance [13], leaf thermal optima [14],
and has been used to determine mean annual temperature of
various geographic regions [15]. In order to derive accurate values
for these calculations, fresh leaves should be used [16]; however,
depending on the nature of the study, analysis of fresh leaves may
not be possible. There are two major cases when fresh leaves
cannot be analyzed: 1) leaves are collected in the field and must be
temporarily stored until they are returned to a laboratory for
analysis or 2) preserved herbarium specimens are used in an
analysis.

When leaves are collected in the field, temporary storage is
necessary if leaves cannot be analyzed within 48 hours following
harvest [16]. Cornelissen et al. [16] recommends storing leaves at
low temperatures in a sealed plastic bag with a moist paper towel
to minimize any changes in the leaves due to desiccation and
decomposition. However, if refrigeration is not an option,
Cornelissen et al. [16] further suggests storage at ambient
temperature in a sealed plastic bag without a moist paper towel.
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Once a leaf is removed from a plant it begins to lose water [17].
Desiccation results in lowered cellular turgor pressure, which could
affect the area and shape of the leaf [18]. The amount of change is
species dependent. Plants with inelastic cell walls will visibly wilt
after losing 1 to 3% water content. However, plants with elastic
cell walls can lose 30 to 40 percent of their water content before
the leaf begins to contract and a noticeable change in appearance
occurs [18-20]. Wilting and desiccation also permanently change
the structure of cell walls by altering the cellulose micellae within
cell microfibrils [19], [21]; therefore, rehydration may recover the
mass of a leaf [17], but not necessarily the leaf area and shape [19].
Temporarily storing or drying leaves for preservation has the
potential to adversely alter leaf area and shape and may have
important ramifications when stored or preserved leaves are used
to obtain data.

Researchers can assess climate change and historical atmo-
spheric COy concentrations by measuring specific leaf area and
stomatal density of leaves preserved in herbaria [11], [22], [23].
Both specific leaf area and stomatal density decrease when COq
concentrations increase, so by comparing those measurements
between leaves collected over a span of time, models of historical
atmospheric conditions can be developed. Carbon dioxide
concentrations have been increasing over the past 300 years, thus
resulting in a 20-40% decrease in stomatal density and an 84%
decrease in specific leaf area [11], [22]. These measurements may
be inaccurate and misleading due to changes in leaf area as a result
of preservation.

Herbarium leaf samples undergo a preservation process of
pressing and drying [24]. Thus, changes in leaf area of plants over
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time may be due to the degradation of the herbarium specimens
and not entirely due to increasing atmospheric COy concentra-
tions [22]. Depending on the species, effects of preservation can
range from little to no effect to large reductions in size. For
example, leaf area decreases ranging from 20 to 31% have been
observed in various rainforest (H. Romero, personal communica-
tion) and temperate species (I. Nuttle, personal communication)
after preservation. Decreases in leaf size caused by drying can
overestimate the stomatal density measurements of preserved
leaves. As a consequence of drying and subsequent shrinkage,
researchers concluded that the stomatal density of Pinus taeda
needles was inflated by 14% [25].

Because the extent of leaf area changes due to various
preservation and storage treatments is unknown, researchers
may completely disregard any differences and combine measure-
ments from both fresh and preserved samples in their models. For
example, Kouwenberg et al. [12] determined there was a
correlation between atmospheric CO, concentration and stomatal
density and frequency. To develop their model, Kouwenberg et al.
[12] used both fresh and preserved conifer leaves, without
accounting for any differences between the two. This could lead
to erroneous models of atmospheric COy and climate change
projections. Thus, it is imperative that researchers understand and
account for the potential error associated with leaf storage
procedures.

This study aimed to investigate the changes in leaf area that
occur after common leaf storage practices, permanently pressed
dry and temporally placed into cold storage, as a function of water
content and leaf complexity.

Materials and Methods

Species used and image analyses

Fully expanded leaves were collected from ten species of
vascular plants in Houghton, Michigan, USA (Table 1). All
specimens were collected from 10 to 15 September 2010, except
for the conifers, Pinus strobus and Picea pungens, and the fern,
Polypodium virginianum which were collected on 20 and 21 June
2011, respectively. Seventy-five leaves of each of species were
collected from >50 individuals. Collection followed the protocol
developed by Cornelissen et al. [16]; only fully expanded,
hardened leaves with no signs of herbivory were selected from
areas on the plant that were located in full light. Broadleaf laminas
and petioles, if present, and needles were weighed with an
analytical balance (American Weigh Scales, Inc. Norcross, GA).
Leaves were then scanned into digital format using an Epson
Expression 10000XL flatbed color image scanner (Seiko Epson
Corporation, Nagano, Japan) and saved as 1200 dpi, 24-bit color,
uncompressed TIFF files within 60 minutes of harvest. A weight
was placed on the scanner cover to ensure the leaves were pressed
firmly against the glass. Images were manipulated when necessary
to remove shadows and to darken light areas on the leaves then
converted to 8-bit gray scale images. All image alterations were
performed using the GNU image manipulation program (GIMP)
2.6.7 (Free Software Foundation, Inc. Boston, MA). Images were
then digitally analyzed for projected leaf area and perimeter using
Image] 1.44j (National Institutes of Health, Bethesda, MD). This
method of image analysis is known to be accurate [26], [27] and
was used in studies to determine specific leaf area [5], leaf
herbivory [28], [29], and leaf shape and structural diversity [14],
[30].

Twenty-five leaves of each species were then randomly assigned
to one of two storage treatments: 1) pressed for 30 days (pressed) or
2) sealed in a 3.7 L plastic bag and refrigerated at cold
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temperature (2°C) for 30 days (cold storage). Air was pressed out
of the plastic bags prior to sealing them, and leaves were stored in
darkness. Treatment 1 is a common long-term storage method and
treatment 2 represents temporary storage methods. Though leaves
typically would not be temporarily stored for 30 days prior to
processing, we wanted to test 30 days in cold storage as an
extreme. After treatment, leaves were reweighed and rescanned.
The remaining twenty-five leaves of each species were used to
estimate percent water content (Table 1). The leaf initial water
content for each species was calculated as the average percent
difference between fresh mass and oven dried mass divided by the
fresh mass (Eq. 1).

Statistical analyses

Each species was analyzed separately using paired t-tests to
compare changes between fresh and stored leaf areas. Percent
change (Eq. 1) in area and relative water loss were calculated for
cach leaf and analysis of variance (ANOVA) was conducted to
compare between functional groups in each treatment.

Percent Change =

(Stored leaf measurement — Fresh leaf measurement) <10 0(1)
Fresh leaf measurement

All the species were then combined and multiple regression
analysis was used to determine the effects of leaf dissection index, a
metric of leaf shape and complexity, and initial water content on
percent change in area for each treatment.

Fresh leaf area and perimeter data obtained from the image
analyses were used to determine dissection index [31-33].
Dissection index (Eq. 2) is a standardized metric using perimeter
and the square root of an object’s area to determine shape
complexity; a circle has a dissection index of 1.0 while more
complex shapes have higher indices.

perimeter area
—— %

— 2

Dissection index =
2 x area b4

Tukey’s HSD test was used when multiple comparisons were
made. All assumptions of normality and homoscedastic variance of
these data were met. Analyses were conducted in JMP 8.0 (SAS
Institute Inc. Cary, NC).

Ethics statement: No specific permits were required for plant
collection in this study and all plant specimens were obtained from
public, university owned land; therefore, no specific permissions
were required for collection. None of the plants used in this study
are threatened or endangered in the state of Michigan.

Results

Pressed leaves

All pressed leaves lost 100% of their water content during this
treatment, thus resulting in significant decreases in area for all the
species tested (P<<0.05; Table 2). Acer saccharum and Quercus rubra,
shrunk the least when pressed dry, 6.86%0.29% (mean = 1 SE)
and 7.18%+0.25% respectively. Polypodium virginianum and Taraxacum
officinale shrunk the most, 35.22+1.92 and 25.99%0.79% respec-
tively. When species were nested within growth form, the woody
dicots shrunk the least, 7.02%0.19%, and were statistically
different than the other growth forms. The fern growth form
shrunk the most 24.58%=1.82% but was not significantly different
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than the graminoids, which shrunk 22.68%0.84% (Figure 1). On
average, pressed leaves shrunk 18.25+0.67%.

Both initial water content and dissection index were positively
correlated with decreases in area when leaves were pressed dry,
and there were no interactions between the two variables
(P=0.27). This relationship was explained by the model
Aarea(%)= —14.6940.37 percent initial water content+2.64 dis-
section index (R* = 0.30, P<0.0001), Leaves with high initial water
content and higher dissection indices shrunk more when pressed
than those that did not.

Table 1. The ten species analyzed; their scientific and common names, growth form and initial percent water content.
Species Abbreviation Common name Growth form Water content (%)
Acer saccharum Marsh. acsa sugar maple woody dicot 52.89+0.64
Asclepias syriaca L. assy common milkweed forb 75.91*0.53

Avena sativa L. avsa common oat graminoid 80.73%+.99
Phragmites australis (Cav.) Trin. ex Steud. phau common reed graminoid 61.001.19

Picea pungens Engelm. pipu Colorado blue spruce conifer 61.82+3.01

Pinus strobus L. pist eastern white pine conifer 40.19%+0.55
Pteridium aquilinum (L.) Kuhn ptaq common bracken fern 64.09:0.65

Quercus rubra L. quru northern red oak woody dicot 52.03*0.72
Taraxacum officinale F.H. Wigg. taof common dandelion forb 83.310.58
Polypodium virginianum L. povi common polypody fern 74.21£1.47
Nomenclature follows USDA, NRCS [52]. Water content (£1 SE) was determined by averaging the percent difference between fresh mass and oven dried mass of 25
leaves for each species.

doi:10.1371/journal.pone.0042604.t001

Cold storage

The water lost by leaves during the 30 day cold storage
treatment was variable (Figure 2), resulting in an average decrease
in area of 3.59%£0.46% across all species. The conifers lost the
most relative water content, 40.34%3.92%. The other growth
forms lost between 5 and 12% water content, with the woody
dicots losing the least.

Cold storage resulted in significant area decreases for Avena
satwa, Picea pungens, Pinus strobus, Pleridium aquilinu, and Taraxacum
officinale (P<<0.05; Table 2). Both Avena sativa and Taraxacum
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Table 2. Difference in leaf area between fresh and treated leaves of ten species and the respective percent decrease in area.
Species Treatment Difference in leaf area (cm?) Decrease in area (%)
Acer saccharum Pressed —3.94+0.37 * 6.86+0.29
Cold 0.03*0.06 —0.09%+0.13
Asclepias syriaca Pressed —5.87+0.56 * 10.13%£1.13
Cold —0.09+0.07 0.05+0.10
Avena sativa Pressed —4.43+0.38 * 20.68+1.08
Cold —0.82+0.17 * 3.58+0.73
Phragmites australis Pressed —7.07+0.93 * 24.76+1.17
Cold —0.31+0.20 0.87+0.73
Picea pungens Pressed —0.08+0.01 * 21.06+2.12
Cold —0.05%+0.01 * 1537%£1.97
Pinus strobus Pressed —0.08£0.01 * 16.94+1.58
Cold —0.06+0.01 * 11.41£2.06
Polypodium virginianum Pressed —8.78+0.69 * 35.22+1.92
Cold 0.03+0.15 —0.25+0.65
Pteridium aquilinum Pressed —5.07+0.50 * 13.94+0.59
Cold —0.35+0.10 * 0.98+0.26
Quercus rubra Pressed —4.82+0.42 * 7.18+0.25
Cold 0.03*+0.05 —0.14*+0.15
Taraxacum officinale Pressed —4.74%0.29 * 25.99+0.79
Cold —0.92+0.18 * 4.11x0.77
Asterisks denote differences between fresh and treated leaf areas that were significantly different than zero (paired t-test, P<0.05, n=25).
doi:10.1371/journal.pone.0042604.t002
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Figure 1. Decrease in area of different growth forms and
species after two storage methods. Decrease in leaf area after (A)
pressed dry and (B) cold (2°C) storage. Different letters indicate
significant differences between species (P=0.05, n =250). Growth forms
not connected by solid bars are significantly different (P=0.05).
Abbreviations for growth forms are Co - conifer, Fe - fern, Fo - forb,
Gr - graminoid, Wo - woody dicot. Abbreviations for species are given in
Table 1. Error bars indicate 1 SE.
doi:10.1371/journal.pone.0042604.g001

officinale had the smallest significant decreases in area after cold
storage, 3.58%0.73% and 4.11%0.77% respectively. Picea pungens
displayed the largest significant shrinkage, 15.37%=1.97%, followed
by Pinus strobus, 11.41%£2.06%. The conifer growth form shrunk
the most, 13.38%+1.44%, and was statistically different than all the
other growth forms (P<<0.0001; Figure 1).

Initial water content affected the decrease in area of leaves
stored in cold temperatures for 30 days (P = 0.02), while dissection
index did not (P=0.96); however, there was an interaction
between these two variables (P<<0.0001). After cold storage, leaves
with high dissection index and low initial water content shrunk the
most, while leaves with a high dissection index and high initial
water content increased in size. These data were also quite
variable, and the model, Aarea(%)=8.36+—0.08 initial water
content+—0.02 dissection index+—0.09 initial water content®
dissection index explained only 10% of the variation.
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Figure 2. Water loss of the different growth forms and species
after cold (2°C) storage. Different letters indicate significant
differences within storage treatment (P<0.05, n=175 for ambient
temperature storage, n=225 for the other treatments). Growth forms
not connected by solid bars are significantly different (P<0.05).
Abbreviations for growth forms are Co - conifer, Fe - fern, Fo - forb,
Gr - graminoid, Wo - woody dicot. Abbreviations for species are given in
Table 1. Error bars indicate 1 SE.
doi:10.1371/journal.pone.0042604.g002

Discussion

Results from this study indicate that storing leaves permanently
or temporarily will result in considerable leaf shrinkage. When
leaves are processed for long-term preservation or storage, water is
removed from leaves. As leaves lose water the cellular turgor
pressure decreases and the cell membrane separates from the cell
wall [34]. After a critical point is reached the cell wall collapses
resulting in deformations, folds, and subsequent shrinkage of the
leaf [18]. For example, desiccation of Craterostigma wilmsui results in
a 78% decrease in cell volume due to cell wall collapse [35].
Pressing, which forces the leaves to hold their shape while drying,
thus preventing wilting and crimpling, will not prevent a leaf from
shrinking. Though not tested for in this study, there may be a
possibility to return pressed leaves to their original area through
rehydration if pressed leaves are dried at low temperatures. Drying
leaves at low temperatures would reduce the breakdown of the
structural cellulose in the leaves because hydrogen bonds, which
form the cellulose polymers in the cell walls, are altered at
temperatures above 40°C [36]. Alteration to these bonds at high
temperatures results in weakened, brittle leaves. Cell walls are a
matrix of molecules and contain 60% water [37], so removal of
this water at high temperatures will also result in a less fluid, more
rigid molecular complex, and would be less likely to return to their
original area and shape through rehydration.

Cold temperatures are known to reduce microbial activity and
decomposition [38]; therefore, cold storage at 2 to 3°C is the
recommended temporary storage procedure [16]. Leaves stored
for 30 days at 2°C in this study showed no observable signs of
degradation. In addition to a decrease in decomposition rates, cold
temperatures provided less energy for water to evaporate out of
leaves through diffusion and air movement [39]. Reduced
evaporation rates helped maintain the cell turgor pressure during
storage [18], and thus sustained the leaf areas. The conifers did,
however, lose the most water and shrank drastically after cold
storage. The decrease in conifer area may be amplified because of
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their small initial area; however, the shrinkage may also be the
consequence of xylem collapse, a phenomenon that occur in
conifers, particularly in the tracheid cells that deliver water from
the midrib to the leaf margins [40], [41]. Xylem collapse is a
mechanical process that is thought to be an adaption to prevent
cavitation by reducing the diameter of the xylem to maintain sap
flow [40], [41]. The flattening of xylem in the leaf tissue would pull
the leaf margin inward, reducing the width of the leaf and
consequently its area. Xylem collapse will occur even if
surrounding phloem and parenchyma cells remain hydrated and
turgid [40].

While water loss during storage in important, it is not the only
factor affecting leaf shrinkage. Both initial water content and
dissection index influenced changes in leaf area. Initial water
content is important because plants with high initial water content
rely more on turgor pressure for support than do leaves with low
initial water content, especially those with thin cell walls [42], [43].
Leaves with high dissection indices also shrank the most when
pressed. Leaves with complex shapes typically have mesophyll
tissue supplied primarily with first- and second-order veins while
less complex leaves have more high-order venation [44]. The
additional high-order venation throughout the leaf tissue would
provide additional structural support to the leaf and reduce the
amount of shrinkage, especially if the xylem is heavily lignified.

Though not investigated in this study, we expect other variables
could help explain more of the variation associated with leaf
shrinkage. One possible explanation for the small change in area
for woody dicot species and large changes for forbs and grasses
could be the lignin content of these growth forms. One of the
functions of lignin is structural support [45]. The growth forms
used in this study have lignin contents that range from high,
>30% in ferns [46] and 22% to 26% in the woody dicots and

References

1. Watson DJ (1947) Comparative physiological studies on the growth of field
crops: I. Variation in net assimilation rate and leaf area between species and
varieties, and within and between years. Ann Bot 11: 41-76.

2. Bréda NJ (2003) Ground-based measurements of leaf area index: a review of
methods, instruments and current controversies. J Exp Bot 54: 2403-2417.

3. Evans ], Poorter H (2001) Photosynthetic acclimation of plants to growth
irradiance: the relative importance of specific leaf area and nitrogen partitioning
in maximizing carbon gain. Plant Cell Environ 24: 755-767.

4. Garnier E, Shipley B, Roumet C, Laurent G (2001) A standardized protocol for
the determination of specific leaf area and leaf dry matter content. Funct Ecol
15: 688-695.

5. Bond-Lamberty B, Wang C, Gower S, Norman J (2002) Leaf area dynamics of a
boreal black spruce fire chronosequence. Tree Physiol 22: 993-1001.

6. LiY, Johnson DA, SuY, Cui J, Zhang T (2005) Specific leaf area and leaf dry
matter content of plants growing in sand dunes. Bot Bull Acad Sin 46: 127-134.

7. Prado CH, De Moraes J (1997) Photosynthetic capacity and specific leaf mass in
twenty woody species of Cerrado vegetation under field conditions. Photo-
synthetica 33: 103-112.

8. Reich PB, Walters MB, Ellsworth DS (1997) From tropics to tundra: global
convergence in plant functioning. Proc Natl Acad Sci 94: 13730-13734.

9. Reich PB, Ellsworth DS, Walters MB (1998) Leaf structure (specific leaf area)
modulates photosynthesis—nitrogen relations: evidence from within and across
species and functional groups. Funct Ecol 12: 948-958.

10. Reich PB, Ellsworth DS, Walters MB, Vose JM, Gresham C, et al. (1999)
Generality of leaf trait relationships: a test across six biomes. Ecology 80: 1955~
1969.

11. Woodward F (1987) Stomatal numbers are sensitive to increases in COy from
pre-industrial levels. Nature 327: 617-618.

12. Kouwenberg LLR, McElwain JC, Kurschner WM, Wagner F, Beerling DJ,
et al. (2003) Stomatal frequency adjustment of four conifer species to historical
changes in atmospheric CO2. Am J Bot 90: 610-619.

13. Sis6 S, Camarero J, Gil-Pelegrin E (2001) Relationship between hydraulic
resistance and leaf morphology in broadleaf Quercus species: a new
interpretation of leaf lobation. Trees-Struct Funct 15: 341-345.

14. Nicotra A, Cosgrove M, Cowling A, Schlichting C, Jones C (2008) Leaf shape
linked to photosynthetic rates and temperature optima in South African
Pelargonium species. Oecologia 154: 625-635.

@ PLoS ONE | www.plosone.org

Leaf Area Changes after Storage

conifers [47-49], to as low as 5% for the grasses [50], [51]. We
would expect that the higher lignin content would prevent leaf
shrinkage, which appears to be occurring except in the fern growth
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Conclusions

This study has shown that both temporary and permanent
storage will result in the significant shrinkage of leaves. Tempo-
rarily stored leaves must be refrigerated and should be processed
immediately to prevent large area decreases. If measurements are
taken from samples preserved for herbaria, we recommend using
growth forms that result in the least amount of shrinkage. Because
shrinkage does occur, it must be accounted for. If not, calculations
for specific leaf area, leaf area index, stomatal density, or any other
area-dependant calculations may not be accurate. The results of
this study shed light on an issue that has gone undocumented in
much of the literature. By correcting for the decrease in area of
stored leaves, more accurate projections and models can be made
for both ecological processes and climate projections.
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