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The multiscale nature of leaf growth ﬁelds
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A growing leaf is a prototypical active solid, as its active units, the cells, locally deform during
the out-of-equilibrium process of growth. During this local growth, leaves increase their area
by orders of magnitude, yet maintain a proper shape, usually ﬂat. How this is achieved in the
lack of a central control, is unknown. Here we measure the in-plane growth tensor of Tobacco
leaves and study the statistics of growth-rate, isotropy and directionality. We show that
growth strongly ﬂuctuates in time and position, and include multiple shrinkage events. We
identify the characteristic scales of the ﬂuctuations. We show that the area-growth distribution is broad and non-Gaussian, and use multiscale statistical methods to show how
growth homogenizes at larger/longer scales. In contrast, we show that growth isotropy does
not homogenize in time. Mechanical analysis shows that with such growth statistics, a leaf
can stay ﬂat only if the ﬂuctuations are regulated/correlated.
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ut of equilibrium active solids are prevalent in nature and
include bio-mechanical systems under development and
physiology such as animal epithelium1,2 and plant
3–5
tissues . In recent years synthetic active solids are designed and
studied as well6–9. The role of activity in such systems calls for an
extension of existing theories, which were developed to describe
passive solids10–12. Such theories should account for the local,
intrinsic injection of energy and describe the emergent stabilities,
or instabilities, dynamic patterns, and properties in such activeelastic materials. For comparison, in the case of ﬂuids, classical
theory has been successfully amended to account for the local
activity of the particles, also due to extensive experimental
research that uncovered basic microscopic mechanisms in different natural and synthetic active systems13. In the case of solids,
such experimental data is sparse. A prominent example of such a
system is a growing plant leaf, which in short time scales behaves
as a thin elastic sheet, but in long time scales, where growth
becomes relevant, involves multiple mechanical and biochemical
active processes14,15. Detailed measurements of growing plant
leaves can, thus, provide important input for the development of
a continuum theory for active-elastic sheets.
Plant cells, unlike many animal cells, do not migrate nor
change neighbors during development. The cells are surrounded
by rigid cell walls that are cemented to each other and create a
permanent matrix. In-plant lateral organs, such as leaves and
petals, cell division is stopped at the early stages of development
and most of the increase in volume occurs via cell expansion
(typical 10–100 fold increase in volume and up to a cell diameter
of 10–100 microns). The main force that drives cell expansion is
the turgor pressure—the osmotic pressure between the exterior
and the interior of the cell. This pressure is of order 0.1–1 MPa4
and can be varied via changes in ions concentration in the cell
and water exchange between cells. The shape and size of the
pressurized cells are stabilized by the high stiffness of their cell
walls. These viscoelastic walls are made of polymer networks and
cell expansion is thought to involve slow yielding of the cell wall
to the internal pressure16 and deposition of new material from
within the cell. Based on this mechanical view of the process, one
would expect leaf growth to be smooth and isotropic, as in the
swelling of a balloon. In such a scenario, growth regulation is
expected to be active in large length scales, balancing longwavelength inhomogeneity in growth.
However, measurements show that leaf growth is neither
uniform, smooth or isotropic. Highly anisotropic cell expansions
were measured17 as well as large variations in expansion levels in
different regions of the leaf18,19. Moreover, recent measurements
and models indicate that the growth ﬁeld is heterogenous also at
small scales, as neighboring cells can undergo extremely different
expansion levels20–23. These observations show that the process is
governed locally, at the cellular scale, yet so far there was no
systematic study of the growth heterogeneity and its statistical
properties.
Importantly, growth that is not correlated between cells or
tissue parts is likely to achieve a geometrical incompatibility,
leading to the buildup of internal stresses24,25 and potentially
morphological distortion of the organ26. Therefore, we assume
cell growth must be regulated in order to generate a precise shape
of an organ, whether ﬂat or spatially complex. Different genetic
and molecular networks in plants are known to participate in
growth regulation17,27–30, but recently, feedback mechanisms
between stress and growth were proposed to be involved as well,
in order to achieve desired shapes. Such feedbacks are being
studied in animals, mainly in Drosophila embryo development, as
means to homogenize growth and keep a growing object ﬂat or
self-similar, or as a source of instability and creation of complex
shapes4,31–36. In plants, it has been shown that a directional stress
2

on leaves and primordia (leaf “embryo”) could affect the orientation of growth to correlate with the stress4,37–39. Currently, it is
still not known if and how chemical and mechanical ﬁelds are
coordinated in a way that leads to the proper growth of leaves.
In this work, we measure the surface growth of Tobacco
(Nicotiana tabacum) leaves in high spatial and temporal resolutions for the duration of days. We ﬁnd that a leaf growth involves
large and sharp growth variations at short time and length scales,
while at large scales in time and space the ﬁeld appears smooth
and well represented by its means. We study the statistics of the
relevant quantities- the growth rate, anisotropy, and directionality. The results reveal several facts about leaf growth, including
the abundance of local shrinkage events in the tissue, the typical
time and length scales of the area-growth heterogeneity, the
homogenization of the area-growth ﬁeld in time and space but
accumulation of anisotropy in time, and the qualitative difference
between growth during day and night. These observations suggest
that leaf growth should be seen as a multiscale phenomenon
(similar in that sense to turbulence), and that in order to
understand the process and its regulation, one needs to account
for its small-scale variations, and not only its spatial/temporal/
many leaves average. In the discussion, we bring preliminary
ideas regarding the implications of our results to growth regulation models.
Results
We built an experimental system to measure the local lateral
growth tensor of the top surface of leaves growing free of external
constraints. The system includes a proﬁlometer, which provides
the surface topography z(x, y) in high resolution over the entire
leaf. In addition, the system includes a camera, which captures
small features on the tissue that act as tracers for the growth
measurements. The calculations of growth ﬁelds were obtained
from the combination of periodic proﬁlometer scans and optical
images, taken at 15 min intervals (Fig. 1a–c, Supplementary
Note 1, and “Methods” section).
Using Particle Image Velocimetry (PIV) algorithm over
sequential images, we obtain the 2D displacement ﬁeld in the xy
plane. Then, we project this 2D vector ﬁeld onto the relevant
topographic scans from the proﬁlometer, obtaining the 3D grids
before and after the growth. By summing over the history of the
displacement ﬁeld, we move from Eulerian to Lagrangian coordinates (a grid that evolves with the leaf surface). Then, we calculate a local growth tensor, G(u, v) (Supplementary Note 3)
whose eigen vectors and values are denoted ^v1 ; ^v2 ; λ1 ; λ2 . These
encode the maximal and minimal growth orientations and
magnitudes, pﬃﬃﬃﬃﬃﬃﬃﬃ
as ﬃ well as the local area-growth rate
AGðt; Δt Þ ¼ λ1 λ2  1. We also deﬁne the anisotropy AI ¼ λλ1
2
(where λ1 > λ2 ) and the main growth angle, ϕ, to be the angle
between the maximal growth direction and the leaf main vein.
These deﬁnitions allow complete decoupling of area growth from
the anisotropy. more details in methods and Supplementary
Note 3.
A Tobacco (Nicotiana tabacum) plant is placed in its pot on
the moving stage of the measuring system, under controlled
“short-day” conditions (8 h of light per day, details in Supplementary Note 1). Leaf 6 in the order of growth was measured
every 15 min for 2 days, in which the leaf total area was tripled
(28–89 mm2). The leaf grew ﬂat and its area increased by ∼4%
every hour (not shown). The increase in leaf surface area (Supplementary Note 2) reﬂects the average local growth rate.
Plotting the local area-growth ﬁeld across the leaf, AG(u, v),
during a speciﬁc 15 min interval in a resolution of 250 μm (∼10
cells) (Fig. 1d), we ﬁnd it has vast and large local variations.
Surprisingly, although the leaf grew overall during that time
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Fig. 1 The leaf growth measuring system and example dynamics of local
growth. a A pot with a living plant is placed on the x–y stage of a
proﬁlometer. The stage and the lighting conditioned are controlled by a
preset program, by which the leaf is automatically scanned (red line marks
scanning beam) and then optically imaged, in constant time intervals for
days. The camera is set at 200 cm distance from the leaf plane, in order to
minimize optical artifacts due to vertical growth (Supplementary Note 1). b
A typical leaf topography z(x,y) of a Tobacco wild-type leaf (after
smoothing) as obtained by the proﬁlometer. Scale bar: 1 mm. c An optical
image of the leaf in b, after deleting the low spatial frequency data (black).
the small-scale features (white) are used as tracers in the growth
calculation algorithm. d An example of an area-growth ﬁeld, (AG),
measured within the time interval Δt ¼ 15 min. Spatial resolution: 250 ×
250 micron. e A histogram of all area-growth values, during 90 intervals of
Δt ¼ 15 min during 2 days of measurement (∼70,000 growth events). The
most probable value is ∼1% (dashed line). A Gaussian distribution with the
same mean and std is depicted in a solid red line. f–h Principal growth
measurements, taken from the same leaf area (marked with a rectangle in
d) with different time intervals (indicated, all during light-time). At each
point, the maximal and minimal growth vectors are depicted: The lines are
oriented along the principal directions and their lengths indicate the
relevant growth values (scaled by the same arbitrary factor in all panels).
Blue lines represent positive growth, red lines represent shrinkage. Scale
bar: 0.5 mm. More samples of such data, in Supplementary Fig. 3.

interval (i.e., its surface area increased) many spots shrank (blue
areas in Fig. 1d). Plotting the histogram of the local surface
growth during 90 intervals of 15 min each (Fig. 1e) shows a
signiﬁcant part of the distribution consists of negative values of
AG. The histogram is broad—its std is much larger than its mean.
It is non-Gaussian (i.e., not a distribution of a random, noncorrelated variable), as it has long tails that are slightly skewed.
Looking at the growth along the principal directions (Fig. 1f)
reveals ﬂuctuations in the level of anisotropy, while the principal
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directions themselves ﬂuctuate in space as well. There may be
some effect of the leaf’s vein network on to the growth orientation
(maximal growth aligns with the vein), but it is only along the
large veins and it is statistically negligible in our analysis (Supplementary Note 4).
Once realizing the “noisy” nature of the growth ﬁeld measured
at small scales, we turn to study its statistical properties. We start
by increasing the time intervals Δt over which growth is calculated. In Fig. 1g, h, we present examples of such growth ﬁelds
calculated on images separated by 1 and 3 h. In addition to the
trivial increase in the amount of growth with Δt, the growth ﬁelds
appear smoother. While local shrinkage events (red lines) are
common during 15 min of growth, they completely disappear at
larger time intervals, leading to an apparent smooth growth ﬁeld.
Looking at the total distribution of such AG ﬁelds vs Δt (Fig. 2a,
inset), we see that as Δt increases, the centers of the histograms
shift to larger positive values and the distribution broadens (see
also Fig. 2b). However, the ratio between the spatial mean and the
standard deviation (std) of the distributions decreases with Δt,
(Fig. 2b, inset), reﬂecting the fact that the growth ﬁeld becomes
smoother (more spatially homogenous) when measured over
longer time intervals. The shape of the histograms is not Gaussian
(Fig. 2a), having stretched exponential tails. Its higher moments,
however, are constant in Δt (skewness ﬃ 1, kurtosis ﬃ 5).
Finally, our measurements indicate that the growth ﬁeld during
night time is more heterogeneous than the growth during day
time (Fig. 2b, inset), which is due to both lower mean and higher
std of AG (not shown).
Next, we study the spatial properties of the growth ﬁelds. We
coarse-grain the growth ﬁeld in the spatial scale (by decreasing
the spatial resolution of the displacement ﬁeld measurement).
The growth grid step, Δx is increased from 16 pixels (240 μm)
gradually to 560 pixels (1.44 mm) (Fig. 2c). As expected, the mean
of the distribution is not affected by the coarse graining, but the
standard deviation decreases (Fig. 2d), i.e., the growth measured
with lower spatial resolution seem much smoother. In that sense,
measurements of low spatial and temporal resolution may give
the erroneous impression that leaf growth is a smooth process, a
“balloon-like” expansion, at all scales.
The large variations in the measured growth ﬁeld are highly
relevant to the question of growth regulation. If the local temporal
AG was a random variable chosen repeatedly and independently
from some distribution (such as Fig. 1e), one would expect a
buildup of large internal stresses within the leaf tissue (details in
Supplementary Note 4) and possibly its distortion into a 3D
conﬁguration via buckling instabilities. The fact that such distortions are not observed indicates that some regulation does
occur at a relatively small time and length scales, and should be
manifested in spatial/temporal correlations.
The spatial correlation function of the AG provides information about the spatial scales of regulation. To calculate that, we
choose a set of 50 random points on the leaf, and take series of
mean AG values at distance d from them. In Fig. 3a, we plot the
auto-correlation on these series. Four selected results, obtained
for both day and night, are shown. All four correlation functions
decay to zero over a ﬁnite distance. As expected, the measured
decorrelation length increases with coarse graining in time. A
distinct result is a big difference between growth during day and
night. The decorrelation length at night is signiﬁcantly shorter
than the ones measured for growth during day time (∼1 vs. ∼5
mm). Anti-correlation was measured for night growth during the
shortest measured intervals (15 min).
Next, we attempt to identify a typical time scale that governs
the ﬂuctuations in the area-growth ﬁelds. We measure growth in
Δt = 15 min time intervals over long duration of time (8 h, during
light-time). The measurements are converted to Lagrangian
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Fig. 2 Coarse graining in time and space of area-growth ﬁelds. a Histograms of all area-growth (AG) values taken during 48 h (more than 70k data
points), with space resolution Δx ¼ 250 μm and different time intervals Δt (indicated in the ﬁgure). All histograms are normalized to integrate to 1 (i.e., are
treated as probability density functions), shifted to have zero mean, and normalized to have the same std. The dashed line is a Gaussian distribution with
the same mean and std. Inset: the same histograms before equalizing the mean and std. b The mean (solid line) and std (dashed line) of the histograms in
std
a, as functions of Δt. Error bars are the standard deviation of the measurements. Inset: the ratio mean
for measurements that were taken during day time
(solid line, 64k data points) and during night time (dashed line, 26k data points). c Histograms of all AG values taken during 48 h with Δt ¼ 15 min and
different Δx (indicated in the ﬁgure). The histograms are normalized to have the same area and zero mean. The dashed line is a Gaussian distribution with
the same mean and std. d The mean (solid line) and std (dashed line) of the histograms in c, as functions of Δx. Error bars are the standard deviation of the
measurements, sometimes smaller than the symbol.
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Fig. 3 Characteristic scales of the area-growth ﬁeld. a Spatial correlation between area-growth (AG) values as a function of the distance between them, d.
Different line styles and colors represent different time samples (see legend). Measurements were taken as the leaf grew from 6 to 13 mm in length.
Dotted lines are linear extrapolations of the data from 0 to 1 mm. b Mean Fourier transform in time over 1200 signals AGðtÞ, taken during light-time
intervals of 1 day (8 h). ω is the temporal frequency. The signal AGðtÞ is taken in Lagrangian coordinates. The plot does not include the long, dominant, time
scale of 24 h (Supplementary Fig. 2).

coordinates and AG(t) is evaluated in grid points that are continuously drifted with growth (i.e., 1200 locations in the growing
leaf are measured for the entire 8 h). For each such Lagrangian
grid point, we perform Fourier transform of the signal AG(t) with
Δt = 15 min. We then average the absolute value of the result
over all grid points, obtaining AGðωÞ. The spectrum is broad,
indicating a multiscale
 process, but a clear peak in AGðωÞ is seen
at ω ¼ 0:14 min1 (Fig. 3b), which indicates a dominant time
4

scale of ∼45 min. Therefore, the growth rate in a typical ﬁxed
location on a leaf ﬂuctuates with a characteristic time scale.
We now switch our interest to the directional properties of the
tensorial growth ﬁeld. The distributions of maximal and minimal
growth values for Δt ¼ 15 min are presented in Fig. 4a. The
histograms of the local anisotropy AI ¼ λλ1 (that is the growth
2
eccentricity) show an increase in its mean value as a function of
Δt (Fig. 4b, c) and not a decay, as expected if the local orientation
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Fig. 4 Anisotropy and directionality of the growth ﬁelds. a A histogram of the maximal and minimal directional growths λ1 ; λ2 for the minimal time
interval Δt ¼ 15 min and space interval Δx ¼ 250 μm during light-time. b Histograms of the anisotropy distributions for Δx ¼ 250 μm and different Δt
(indicated in the ﬁgure) during light-time. c The means of the histograms in b, error bars are the standard deviation of the measurements. d A histogram of
growth directions (angle between maximal growth direction and the leaf’s main vein) for Δx ¼ 250 μm and Δt ¼ 15 min, during the day (green squares)
and the night (cyan circles).

was not correlated in time (Fig. 4c). The standard deviation of the
anisotropy grows as well (Fig. 4c). We conclude that there is an
accumulation of anisotropy, which means that on average growth
has a locally preferred direction. Finally, we plot a histogram of
the growth angle, ϕ (the angle between maximal growth and the
leaf main vein) (Fig. 4d). The histogram shows that indeed during
the day the preferred orientation of the local maximal growth is
perpendicular to the main vein, while during the night there is no
preferred directionality of growth.
Discussion
Our measurements suggest, to the best of our knowledge, a new
view on growth processes in leaves. The growth is not a smooth
process in time and space, as could be concluded from lowresolution measurements, or from data that is averaged over many
leaves. Instead, growth is a multiscale ﬁeld with large and sharp
variations at small scales that homogenize at larger scales. As such,
we analyze the growth ﬁelds using statistical tools commonly
applied in stochastic dynamics of ﬂuids and active matter.
Among our major ﬁndings is the abundance of local tissue
shrinkage during growth. Though the surface area of large sections of a leaf increases monotonically (in a typical rate of ∼4%/
h), the growth in small regions, of ∼100 cells, oscillates between
swelling and shrinking. These oscillations are characterized by a
typical time scale of ∼45 min (which may be related to stomata
opening40,41 or to growth bursts known as nutation
processes42,43) and are correlated over short distances of order
millimeters. The higher the measurement resolution in time and
space, the larger are the measured growth variations. It is plausible that further increasing the resolution (to a single cell level)
would reveal even rougher ﬁelds. Decreasing resolution, to 1 h or
a few mm, the measurements smoothen, and the ratio of std to
mean saturates to a low value (∼0.5, Fig. 2b, d). Note, that the

homogenization process, of reaching this saturation, happens at a
speed of ±2% area in 1 h (see Fig. 2b, inset) while the average
speed of growth itself is ∼4%area/h. Therefore, there is no scale
separation, and we cannot distinguish between the growth and
the process of homogenization. Finally, though the direction of
growth varies as well, it must be correlated in time as the mean
anisotropy is increasing with Δt.
One immediately notes that these observations are relevant to
the question of growth regulation.
If growth
was a random pro

cess, i.e., growth parameters λ1 ; λ2 ; ϕ were chosen randomly
from our measured distribution at each grid point independently
and repeatedly, with no spatial/temporal correlations, we estimate
a typical stress developing within 15 min on a ﬂat unit area of 250
× 250 microns to be in the order of ∼0.5 Mpa (Supplementary
Note 6). Using the distribution of growth in 2 h, the stress estimation on the same unit area would exceed 1 MPa. Such stress
would have led to signiﬁcant buckling of the surface and distortion of the leaf24,26,44,45. In reality, the leaf grows ﬂat, which
indicates that some mechanism regulates growth over small time
and length scales. The non-gaussian growth distribution (Figs. 1e
and 2a, c), the correlation time and length scales, and the
increasing anisotropy (Fig. 4c) also indicate that indeed, though
rough in time and space, the growth ﬁeld is not entirely random,
i.e., include some spatial/temporal correlations.
Currently, we see two options to understand the multiscale
phenomena we observe in the growth of ﬂat leaves. One is that
the dynamics is entirely deterministic. Multiple nonlinear chemical and mechanical ﬁelds are involved (e.g., pressure ﬁelds and
cell–cell channel opening, residual stresses, hormone diffusion
and transport, cell wall softening and deposition of new matter)
and possibly feedback loops between them, which make growing
leaves a complex active system, with the resulting dynamic
growth patterns that we see. The other option is that there are
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sources of randomness in the system that constantly create biological “noise” (e.g., light-induced stomata opening, thermally
driven hormonal production or opening of cell–cell channels,
etc), however, these must constantly be corrected, possibly via the
mentioned stabilizing mechano-chemical feedback.
Further experimentation can shed light on these processes.
Speciﬁcally, high-resolution measurements of chemical and
mechanical ﬁelds in the relevant time and length scales we found,
can reveal the source of the variations. Then, one should look for
mechano-chemical interactions in the system that may be the
source of the local smoothing/homogenization of growth. Examples of such interactions are known from ﬂat-growing animal
epithelia (drosophila wing disc46), e.g., stiffening under tension,
growth direction alignment with tension, enhanced growth rate
under tension and reduced rate under compression.
The different growth modes, we found during the day vs. night
may provide another clue on growth regulation and homogenization: We showed that the growth during the day is more
homogenous than at night, the correlation lengths during the day
are larger than at night, and that the direction of growth is
oriented roughly perpendicularly to the main vein at day, but lack
of global orientation at night. It is possible that most of the active
growth takes place during the day, and the accumulated internal
stresses are released during the night.
Lastly: though we observed qualitatively similar results in
measurements of many Tobacco and Arabidopsis leaves, measurements in other species are needed in order to determine how
general our observations are. In addition, the stochastic approach
should be implemented on measurements at the cellular scale.
Finally, studies of mathematical and physical nature are needed in
order to better understand the relation between the growth
governing rules, its resulting statistics, mechanics of the leaf, and
its ﬁnal global shape.
Methods

All codes used in this work are available from the corresponding author upon request.
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