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ABSTRACT 

Some Populus species have evolved a flattened petiole that causes their leaves to quake in mild 
wind. In this study, we performed one observational study and two experimental studies on 
quaking aspen (Populus tremuloides) to investigate three predominant hypotheses on the 
adaptive value of quaking: (1) herbivory reduction, (2) light permeation, and (3) temperature 
maintenance. Overall, we found less insect herbivory on branches that quake less. We also 
found that quaking allows more light into the canopy, decreases leaf temperature after several 
days, and reduces water uptake. We conclude that flattened petioles—and consequential leaf 
quaking—likely evolved for multiple aforementioned reasons. We further infer that the water-
efficient temperature facilitation effect of leaf quaking may contribute to P. tremuloides’ 
presence in water limited regions. 

 
Keywords: Populus tremuloides, petiole, adaptation, wind, transpiration 

 
 

INTRODUCTION  

Flattened petioles are a unique adaptation 
that has evolved in certain species in the 
genus Populus, enabling their leaves to 
oscillate, or quake, in the wind (Rushin 
1980). Trees in this genus primarily grow in 
riparian habitats, often at elevations above 
1,500 meters, where exposure to wind and 
intense direct sunlight may have influenced 
the evolution of the flat petiole (Leach 1924, 
Vogel 1989). Although previous studies have 
aimed to understand the evolutionary 
benefit of flattened petioles, multiple 
hypotheses persist about their primary 
adaptive value. It has been suggested that 
leaf quaking may (1) decrease foliar damage 
by preventing insect herbivory (Lindroth and 

Clair 2013). Additionally, the quaking motion 
of leaves (2) increases light filtration and 
thus photosynthetic potential to the lower 
canopy (Berveiller et al. 2007). Finally, 
flattened petioles may serve to (3) reduce 
leaf temperature and thus transpirational 
water loss (Roden and Pearcy 1993, Gates 
2003), such as by enhancing leaf movement 
to limit individual leaf exposure to direct 
sunlight (Grant and Mitton 2010) or 
positioning flaccid leaves vertically and out 
of direct sunlight (Leach 1924). 

In order to test whether flattened petioles 
serve one or more of these three functions, 
we examined leaf quaking in Populus 
tremuloides, a common flat-petiole species 
of Populus found throughout North America. 
We expected that, in a natural setting, 
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branches with leaves that quake less would 
experience (1) more herbivory and (3) higher 
average leaf temperatures. We also 
predicted that, after 5 days, manipulated 
leaves prevented from quaking would 
experience (3) increased temperature 
compared to leaves allowed to quake as 
normal. Finally, we predicted that, 
compared to quaking leaves, manipulated 
non-quaking leaves would experience (2) 
decreased light permeation, (3) increased 
average leaf temperature, and (3) increased 
water uptake. 

METHODS 

In order to better understand leaf quaking 
in Populus tremuloides, we conducted one 
observational study and two experiments at 
the University of California’s Sierra Nevada 
Aquatic Research Laboratory (SNARL) (37° 
36' 51" N, 118° 49' 47" W; elevation 2149 m–
2169 m) and Valentine Camp (37° 37' 30" N 
118° 59' 30" W; elevation 2,437–2,605m), 
both located in the Eastern Sierra in the 
Mammoth Lakes area, California. Our site in 
SNARL is largely characterized by riparian 
woodlands and sagebrush steppe with 
temperatures ranging from 16.1 °C to 30 °C, 
while our site in Valentine Camp is 
characterized by riparian woodland 
surrounded by montane forest with 
temperatures ranging from 13.4 °C to 23 °C. 
All data collection occurred from 9:30 AM-
6:30 PM between July 31 and August 4, 
2019. 

 

2.1 Observational Study 

To examine the effects of leaf quaking in a 
natural setting, we surveyed a total of 40 P. 
tremuloides branches and used wind 

exposure as a proxy for relative extent of leaf 
quaking. At each of the two reserves, we 
sampled 20 branches from different trees: 
10 were in exposed areas and 10 were in 
wind-sheltered areas. We categorized 
exposed trees as lacking any wind buffer 
within 5 m on at least one side and thus 
more likely to experience frequent leaf 
quaking. We defined sheltered trees as 
being surrounded on all sides by other trees 
within 5 m and thus less likely to experience 
quaking. We selected branches that were 
approximately 2 m off the ground and 
measured wind speed perpendicular to the 
branch tip. For each branch, we examined 
the most distal 25 leaves and counted the 
number of leaves with herbivory instances in 
the following categories: leaves with holes, 
leaves with the cuticle removed, and leaves 
rolled by caterpillars. We haphazardly 
sampled three of the 25 examined leaves for 
leaf temperature using a temperature gun. 

We used JMP Pro 14.0 for all statistical 
analyses. We used a t-test to determine the 
difference in wind speeds experienced by 
branches in sheltered and exposed areas for 
each site. We then conducted a t-test to 
investigate the difference in each average 
percent of leaves with herbivory between 
sheltered and exposed branches at each site. 
We conducted a linear regression to model 
the correlation between wind speed and 
average leaf temperature. 

 

2.2 Field Manipulation 

To understand how P. tremuloides leaves 
react when prevented from quaking, we 
manipulated 10 exposed branches at SNARL 
from different trunks and measured the 
resulting effect on temperature after 5 days. 
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The manipulation consisted of preventing 
three of six leaves from quaking by wrapping 
the petiole with round plastic tubing (Roden 
and Pearcy 1993). Beginning with the most 
distal leaf, we alternated between control 
(allowed to quake) and tubing treatment for 
the first six leaves larger than 3 cm. Using the 
same methods as in the observational study, 
we measured temperature on all leaves 
shortly after setting up the manipulation and 
then again at the end of the 5-day period. 
Temperature was measured between 11 AM 
and 12 PM both days.  

We performed a paired t-test on initial leaf 
temperature to confirm that control and 
tubed leaves did not differ in temperature 
before beginning the manipulation. We then 
conducted a paired t-test to investigate 
differences in final leaf temperature 
between control and tubed leaves after 5 
days.  

2.3 Box Experiment 

In order to standardize wind conditions 
and test the effect of leaf quaking on light 
permeation, average leaf temperature, and 
transpiration water, we placed branch 
clippings in a 40 cm tall, 40 cm wide, and 50 
cm long box (Figure 1) and subjected each to 
fan-generated wind (average speed 1.5 ± 0.5 
m/s). The box consisted of a PVC pipe frame 
covered with clear plastic wrap on three 
vertical sides to shield branches from 
external wind while allowing in sunlight for 
photosynthesis. We placed a 9” floor fan 70 
cm from the branch facing the opening of 
the box. The top also remained open to 
prevent internal wind circulation. 
 

 

Figure 1. Controlled wind box experiment for effect 
of quakiness on P. tremuloides branch. A fan placed 
70 cm away from a P. tremuloides branch blows into 
a 40 cm tall, 40 cm wide, and 50 cm long box for 20 
minutes. Initial temperature readings were recorded 
before the branch is placed in the box. A light sensor 
app was placed under the most distal leaf to measure 
light permeability. At the end of the 20 minutes, we 
remeasured temperature to understand if the 
treatments had an impact on leaf temperature. 

We obtained 13 branches with 9 to 11 
mature leaves from different, exposed P. 
tremuloides at SNARL by clipping them 
underwater to prevent xylem embolism. 
Leaves smaller than 3 cm or with signs of 
herbivory or damage (e.g. tearing) were not 
included in measurement but remained on 
the branch to avoid embolism. We then 
placed each clipped branch in a 10 mL 
graduated cylinder of water and sealed the 
opening with Parafilm™ to prevent 
evaporative water loss. We then 
haphazardly selected three leaves for 
temperature measurement. We subjected 
all branches to 20 minutes of low speed fan-
generated wind for each of two treatment 
types: control and non-quaking (all petioles 
tubed to prevent leaf quaking). We 
randomized the order of treatment type to 
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account for time elapsed after cutting. We 
placed the light sensor app “Lux Meter” 
(Crunchy ByteBox, version 2.0) beneath the 
shadow of a haphazardly chosen leaf before 
introducing wind, and measured the average 
light permeation level over two minutes 
during the treatment period, with 
measurements taken every 0.12 s. After the 
wind treatment period, we remeasured leaf 
temperature, then measured the volume of 
water lost as a proxy for branch transpiration 
rate. 

We also performed a negative control in a 
windless environment to account for 
possible effects of the tubing on the petiole 
separate from the desired reduction in 
quaking. Branch selection and treatment 
methodology was identical to the box 
experiment except for the lack of wind. For 
both the box experiment and negative 
control test, we used a paired t-test to 
determine the effect of quaking and tubing 
treatment respectively on average leaf 
temperature, transpiration water uptake, 
and light permeation. We logarithmically 
transformed light intensity data to normalize 
the distribution. 

RESULTS 

In our observational study, sheltered 
branches experienced lower average wind 
levels than those in exposed areas (N=40, 
F=24.91, p<0.0001). Wind-sheltered 
branches exhibited 1.9 times more foliar 
herbivory damage than branches in exposed 
areas (N=40, F=5.27, p<0.0001; Figure 2). 
Overall, branches in SNARL had more 
herbivory damage than in Valentine Camp 
(N=40, F=4.04, p=0.0003; Figure 2) and there 
was no effect of location on type of cover 
(N=40, F=0.69, p=0.49). Average leaf 
temperature slightly increased as wind rate 

increased (N=40, r2=0.09, p=0.05). At SNARL, 
midday leaf temperatures ranged from 23.1 
°C to 32.1 °C. At Valentine, midday leaf 
temperatures ranged from 13.4 °C to 33.2 °C. 
In general, branches in Valentine Camp were 
colder (N=40, F=11.59, p=0.002) and 
exhibited less herbivory damage than at 
SNARL (N=40, F=9.88, p=0.003). 

 

 

Figure 2. Percent P. tremuloides leaves with 
herbivory in sheltered and exposed areas at SNARL 
and Valentine Camp. We surveyed 20 trees at each 
location. Within each location, there were two types 
of cover: sheltered, being surrounded on all sides by 
other trees within 5 m, and exposed, lacking any wind 
buffer within 5 m of the tree on at least one side. 
There was more herbivory in the sheltered areas in 
both locations than in the exposed ones (N=40, 
F=5.27, p<0.0001). However, there was overall more 
herbivory at SNARL than Valentine Camp (N=40, 
F=4.04, p=0.0003) and there was no effect of location 
on type of cover (N=40, F=0.69, p=0.49). Vertical 
lines  (+ / -) represent one S.E. 

 
In our field manipulation, tubed leaves 

were initially 1.3°C cooler than the control 
leaves (N=10, t=1.93, p=0.086). However, 
after a five-day period, tubed leaves were 
2.97 °C hotter on average than quaking 
control leaves (N=10, t=5.49, p=0.0004; 
Figure 3). 
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Figure 3. Effect of treatment on average leaf 
temperature difference after 5 days. Averaged 
temperature of 3 tubed petioles and 3 control 
petioles on 10 different branches. Temperatures did 
not vary between tubed and control branches on day 
1 (A)(N=10, F=2.59, p=0.13). After 5 days, we 
measured and averaged leaf temperatures of the 
same tubed leaves and control leaves. This graph (B) 
(N=10, t=5.49, p=0.0004) demonstrates that the 
tubed petioles were 2.97 °C hotter than the 
controlled petioles on average after 5 days. Vertical 
lines indicate +/- one S.E. 

In the absence of wind, our tubing method 
did not affect average leaf temperature 
(N=10, F=0.53, p=0.47), light permeation 
(N=10, F=0.64, p=0.44), or transpiration 
(N=10, F=0.02, p=0.87). Branch clippings 
subjected to wind consumed twice as much 
water when leaves were prevented from 
quaking (M=2.23 mL) than when allowed to 
quake (M=1.22 mL) (N=13, F=2.49, p=0.01; 

Figure 4), but did not differ in average leaf 
temperature (N=13, F=1.56, p=0.14; Figure 
4). Preventing leaf quaking resulted in a 61% 
reduction in light levels beneath the branch 
clippings (N=12, F=4.32, p=0.001). 
 

 

Figure 4. Effects of treatment on transpired water 
and average temperature of P. tremuloides leaves. 
We measured transpiration rate (mL) 20 minutes 
after exposing branches to the fan generated wind in 
the box manipulation experiment. Branches 
transpired more water during the tubed treatment 
than when they were able to quake (N=13, F=2.49, 
p=0.01) (A). Temperatures did not vary between 
treatments (N=13, F=1.56 , p=0.14) (B) Potentially 
because the tubed branches transpired more in order 
to cool the leaves down. Vertical bars indicate +/- one 
S.E. 
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DISCUSSION 

Across our observational and experimental 
studies, all three of our predictions were 
supported to varying extents. Quaking 
appears to reduce herbivory by nearly half, 
increase light permeation into the lower 
canopy, lower average leaf temperatures, 
and reduce transpiration rates. From our 
observational study, we can conclude that 
herbivory was higher on leaves of wind-
sheltered branches than exposed branches; 
however, this could be attributed to 
unidentified factors that differ between 
exposed and sheltered areas. Thus, we 
cannot conclude whether reduced herbivory 
is an evolutionary driver of flattened petioles 
or incidentally lower with reduced leaf quaking. 

Through our box experiment, we found 
that leaf quaking increased light levels in the 
lower canopy, which corroborates previous 
findings (Roden and Pearcy 1992). Since the 
bark of Populus tremuloides contributes 
substantially to its overall photosynthetic 
capacity (Pearson and Lawrence 1958), it is 
plausible that flat petioles evolved to 
maximize sunlight permeation to the bark 
and inner canopy.  

The effects of quaking on leaf 
temperature, however, were less 
straightforward. In both our observational 
study and box experiment, leaf quaking did 
not affect leaf temperature, while in our 
field manipulation, tubed leaves had higher 
temperatures than control leaves after 5 
days. Roden and Pearcy (1992) similarly 
found that constrained leaves were 
significantly hotter than freely quaking 
leaves on the top of the canopy over 5 days. 
The apparent contradiction in our findings 
may be explained by the evaporative cooling 
of transpiration. As leaf temperatures 
increase, transpiration rates increase (Urban 

et al. 2017) and subsequently cool the leaf 
down. Whereas leaves that quake freely are 
able to cool down primarily through 
conduction by moving in the wind (Ansari 
and Loomis 1959), the tubed leaves might 
rely more than usual on transpiration to cool 
down. Thus, in experimental studies, the 
tubed leaves may have been able to 
maintain a short-term temperature 
equilibrium through increased transpiration, 
which potentially explains the greater 
transpirational water use by tubed branches 
in the box experiment. 

Ultimately, a flattened petiole and the 
consequential leaf quaking likely serves a 
multitude of adaptive functions. Quaking 
may facilitate leaf temperature regulation 
and therefore reduce the amount of water 
consumed for evaporative cooling via 
transpiration. In a short timescale, the 
flexible flat petiole allows for immediate leaf 
positioning away from direct sunlight (Leach 
1924). At a broader timescale, the ability to 
thrive in windy conditions allows flat-
petioled Populus spp. to take advantage of 
increased light permeability and the 
conductive cooling effect on leaves as they 
quake. These results support the notion that 
the leaf quaking adaptation has contributed 
to the widespread success of Populus species 
that quake. The potential effects of leaf 
quaking on herbivory and transpiration may 
be further elucidated in a multiseason study. 
Moreover, a comparison of quaking and 
non-quaking Populus species could help 
determine the relative adaptive value of 
each effect of flattened petioles.  
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