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Summary

� Lightning is an important agent of plant mortality and disturbance in forests. Lightning-

caused disturbance is highly variable in terms of its area of effect and disturbance severity (i.e.

tree damage and death), but we do not know how this variation is influenced by forest struc-

ture and plant composition.
� We used a novel lightning detection system to quantify how lianas influenced the severity

and spatial extent (i.e. area) of lightning disturbance using 78 lightning strikes in central

Panama.
� The local density of lianas (measured as liana basal area) was positively associated with the

number of trees killed and damaged by lightning, and patterns of plant damage indicated that

this occurred because lianas facilitated more electrical connections from large to small trees.

Liana presence, however, did not increase the area of the disturbance. Thus, lianas increased

the severity of lightning disturbance by facilitating damage to additional trees without influen-

cing the footprint of the disturbance.
� These findings indicate that lianas spread electricity to damage and kill understory trees that

otherwise would survive a strike. As liana abundance increases in tropical forests, their nega-

tive effects on tree survival with respect to the severity of lightning-related tree damage and

death are likely to increase.

Introduction

Global change is increasing the tree mortality rates and weaken-
ing the capacity of tropical forests to uptake and store atmo-
spheric carbon (Brienen et al., 2015; Qie et al., 2017; Bauman
et al., 2022). Multiple agents are hypothesized to contribute to
increasing tree mortality rates, including drought, fire, lianas, and
lightning (McDowell et al., 2018; Yanoviak et al., 2020). In tro-
pical forests, lightning strikes are important but typically under-
appreciated agents of disturbance, despite these forests
experiencing 35–67 million lightning strikes each year (Gora
et al., 2020) and some evidence that lightning frequency is
increasing (Harel & Price, 2020). An average lightning strike in
central Panama – the only forest with systematically monitored
lightning strikes – kills 5.3 trees and damages an additional 18.3
trees, resulting in 7.4Mg of biomass mortality per strike (Gora
et al., 2021). At the landscape level in this Panamanian forest,
lightning causes 16.1% of woody biomass mortality and 40–50%
of deaths for trees > 60 cm in diameter (Yanoviak et al., 2020;
Gora et al., 2021). The ecological effects of individual lightning
strikes are highly variable, with the few strikes described across

tropical forests ranging from 1 to 116 trees damaged and 0–65
trees killed per strike (Anderson, 1964; Magnusson et al., 1996;
Sousa et al., 2003; Gora & Yanoviak, 2020). However, we know
little about the potential mechanisms underlying this variation,
and whether stand density, tree species characteristics, and the
presence of lianas can help explain this variation (Yanoviak, 2013;
Richards et al., 2022). Quantifying how these factors influence
the ecological effects of lightning is key to understanding how
lightning shapes forest dynamics, both across forest types and
into the future.

The pathway of electric current transfer among trees likely
influences the number of trees killed and the spatial extent of
lightning-caused disturbance (hereafter lightning disturbance).
Observations of lightning damage in tropical forests indicate that
the electric current from a strike is distributed among multiple
trees aboveground through two separate mechanisms. First, elec-
tricity can bridge air gaps between neighboring trees via ‘flash-
over’ (Furtado, 1935; Anderson, 1964), which occurs when
electric current spreads from tree-to-tree via an airborne channel
(Uman, 2008; Yanoviak et al., 2017). Flashover occurs only at
very high electric fields (c. 500 kV m�1 of flashover; Uman, 2008)
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and when vegetation is in close proximity (typically < 1 m; Yano-
viak et al., 2017), thus providing a barrier or limit to the spread
of lightning damage. Second, electricity can transfer between
trees via direct connections provided by physical contact between
the branches or trunks of neighboring trees (Supporting Informa-
tion Fig. S1). Accordingly, a greater number of physical connec-
tions could facilitate the flow of electricity to increase lightning
disturbance severity and spatial extent.

Lianas increase the structural complexity of a forest patch, con-
necting trees together and potentially affecting the distribution of
damage caused by a lightning strike. Lianas provide physical con-
nections among trees and can reduce the distance between tree
crowns that would otherwise be separated due to crown shyness
(Putz et al., 1984; Adams et al., 2019). Thus, physical contact
and flashover from lianas presumably increase the number of
trees that can be electrocuted by a given strike, relative to flash-
over among trees alone (Fig. 1b). Furthermore, lianas are particu-
larly likely to carry electric current because of their high electrical
conductivity (Yanoviak, 2013; Gora et al., 2017). The contribu-
tion of lianas to patterns of electric current transfer and their
influence on lightning disturbance characteristics, however,
remain unknown.

We quantified lightning disturbance characteristics in associa-
tion with lianas and with inferred patterns of electric current
transfer in a lowland Panamanian forest. Specifically, we com-
bined a unique dataset of systematically located lightning strikes
(patterns of plant damage and death among these strikes were
previously published in Yanoviak et al., 2020 and Gora
et al., 2021) with visual observations of plant damage patterns
and forest plot data describing co-located tree and liana commu-
nities. We hypothesized that lianas influence the severity and area
(spatial extent) of lightning disturbance in forests. We predicted
that both liana basal area and liana-associated electrical connec-
tions are positively associated with the: number of trees damaged
per strike; number of trees killed per strike; percent of damaged
trees that die; per strike biomass turnover; and physical area
across which trees were damaged by lightning. Finally, we deter-
mined whether liana basal area was associated with higher

frequency of electrical connections via liana physical contact and
flashover.

Materials and Methods

Study site and lightning location system

We conducted this study in the seasonally moist tropical forest
on Barro Colorado Island (BCI) in central Panama (9.210°N,
79.745°W) from 2015 to 2020. This site has an average annual
temperature of 26°C, mean annual rainfall of 2650 mm, and a 4-
month dry season (< 100 mm monthly rainfall from January–
April; temperature and rainfall data from 2000 to 2017;
Paton, 2017). Croat (1978) and Leigh (1999) provide detailed
descriptions of this forest and its biota.

We located lightning strikes using a combination of cameras
and electric field change meters across a progressively increasing
study area (from 2.25 km2 to 15 km2; Yanoviak et al., 2017;
Gora et al., 2021). We surveyed lightning strikes recorded on
multiple cameras from 2015 to 2019. In 2018 and 2019, we
detected additional lightning strikes using waveform data from
four electric field change meters, which measured electrical pulses
emitted from lightning strikes (Yanoviak et al., 2017). The cam-
era system coverage varied over time from c. 2.25 to 10 km2,
whereas the field change meters located strikes across 15 km2.
This study used 78 lightning strikes located in areas with relevant
information about lianas and electric current transfer, including
64 strikes located with the monitoring system and an additional
14 lightning strikes located using field-based diagnostics of light-
ning damage (Yanoviak et al., 2017).

Lightning strike field surveys

We monitored 1921 trees that exhibited conspicuous lightning
damage among the 78 lightning strikes. We identified lightning
damage to trees based on previous observations of verified light-
ning damage in this and other tropical forests (Furtado, 1935;
Anderson, 1964; Yanoviak et al., 2017; Gora & Yanoviak, 2020).

Fig. 1 Lianas facilitate electric current
transfer among trees. Graphical
representation of patterns of tree damage
and inferred pathways of electric current
transfer. The influence of lianas on patterns
of tree damage is depicted by the contrast
between a hypothetical forest stand without
lianas (a) to a stand with lianas (b). Electric
current transfer among plants is depicted as
blue lightning bolts labeled with the pathway
they represent.
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The condition of each affected tree was first evaluated within
4 months of the lightning strike, and subsequently up to four
times within 23 months of poststrike.

For trees in 65 lightning strikes, we identified the source of the
electric current (hereafter electric current source) based on diagnos-
tic spatial patterns of leaf necrosis presumably associated with
electric current transfer (Yanoviak et al., 2017). Secondarily
damaged trees (i.e. trees that were not directly struck) exhibited
patches of short-term leaf necrosis at the location where electric
current apparently entered their tissues from a neighboring tree
or liana (Figs 1, S1). We identified the electric current source of
the lightning damaged tree within 4 months of the lightning
strike by identifying adjacent lightning-damaged trees or lianas
with concurrent necrosis. This short time frame reduced the
potential for patterns of apparent electric current transfer to be
obscured by plant death and decomposition. We used these sur-
veys to determine whether the electric current source for each tree
was physical contact with a liana (hereafter liana physical contact),
physical contact with a tree (hereafter tree physical contact), flash-
over from a nearby liana (hereafter liana flashover), or flashover
from a nearby tree (hereafter tree flashover). We assigned a source
of lightning damage to 1434 of the 1681 damaged trees among
the 65 strikes; no electric current source was assigned if the
damage patterns were ambiguous.

We quantified the severity and area of 78 lightning distur-
bances based on visual surveys of lightning-damaged trees from
the ground (all metrics of disturbance were based on trees ≥ 1 cm
DBH and did not include lianas). For each strike, we mapped
the location of each damaged tree using a laser rangefinder and
compass (1921 total trees). We recorded the status of each tree
(living or dead) and measured its diameter at breast height
(DBH). For trees that were damaged but not killed by the strike,
we estimated percent crown dieback as the proportion of crown
volume that recently died (Stolte et al., 2002). We estimated the
biomass of each tree using an allometric equation based on tree
DBH, wood density, and local environmental variability (i.e.
temperature variability, precipitation variability, and drought
intensity; Chave et al., 2014). Wood density was based on taxon-
specific measurements (Condit et al., 2019) for the 802 trees with
species-level information, and site-specific average wood density
(0.54 g cm�3) for the 1119 trees lacking species identifications
(Muller-Landau, 2004). We estimated the disturbed area asso-
ciated with each strike as a convex hull bounded by the rooting
points of all lightning-damaged trees (Gora et al., 2021). This
metric of disturbed area is directly comparable with plot-based
assessments of forest dynamics, and it is not meant to represent
canopy gap area. We also measured the number of trees damaged,
the number of trees killed, and the proportion of damaged trees
that died. We used this information to estimate total biomass
turnover as the biomass of each dead tree plus the proportion of
crown biomass lost from each surviving tree (i.e. crown dieback).
We assumed tree crowns contain 19.3% of total tree biomass
based on field measurements of tropical trees in the biomass and
allometry database for woody plants (Falster et al., 2015; Gora
et al., 2019). Data for the 11 strikes in 2019–2020 were from 1
to 4 months of poststrike because pandemic-related restrictions

prevented further visits, whereas data for the other 66 strikes were
from 10 to 23 months of poststrike (Fig. S2). We confirmed that
the results did not meaningfully change with the removal of the
11 strikes monitored for < 5 months (Tables S1).

Plot data for lianas and trees

For 22 lightning strikes that occurred in the BCI 50-ha plot,
we used recent censuses of lianas and trees to quantify local
forest structure. We also collected current transfer data for nine
of the 22 strikes. In 2007 and 2017, all rooted liana stems
were located, identified, and mapped to the nearest 0.1 m
(Schnitzer et al., 2012). We used the 2007 liana data because
15 of the 22 strikes occurred before the 2017 liana census was
completed (Schnitzer et al., 2021); however, we confirmed that
plot-wide spatial variation in liana basal area was strongly cor-
related between 2007 and 2017 (r = 0.84; Methods S1; Dutil-
leul et al., 1993). We summed the basal area of all lianas
rooted within 15 m of the directly struck tree to estimate local
liana density for each strike. We used basal area because it is
likely a better estimate of total liana biomass, and presumably
liana-based connections, than size-independent measures of
liana density. We used 15 m as the threshold because, on aver-
age, 82.6% of lightning-damaged trees were within 15 m of
the directly struck tree. We confirmed that the strong influence
of liana basal area on per-strike tree damage and death was
consistent using smaller (10 m) and larger (20 m) distance
thresholds. We used the 2015 tree census data to determine
whether tree density (trees ha�1) and basal area (Condit
et al., 2019) influenced the effects of lianas on lightning strike
characteristics.

Statistical analyses

We evaluated how the severity and area of lightning disturbance
varied with aspects of local forest structure for 22 lightning strikes
in the co-located 50-ha forest plot (569 lightning-damaged trees;
Table S1). We used a generalized linear model with gamma
errors to explain variation in disturbed area, and generalized lin-
ear models with Poisson errors and a log-link function for counts
of damaged and dead trees. To confirm that lianas increased
lightning disturbance severity via their effects on small trees, we
repeated the analyses of damaged trees with separate models for
small (1–10 cm in DBH), medium (10–50 cm), and large
(> 50 cm) trees. We used Gaussian linear models to explain varia-
tion in biomass turnover, mean DBH of lightning-damaged
trees, the diameter of the directly struck tree, and the percent of
damaged trees that died (R Core Team, 2019). As predictors,
these models included liana basal area, tree basal area, and tree
density based on plot data for lianas and trees within 15 m of the
directly struck tree. We log-transformed biomass turnover to
meet model assumptions, and we confirmed that the predictors
did not exhibit collinearity (Pearson R < 0.20 and VIF < 3). We
assessed the significance of each term using partial F-tests for
Gaussian models and likelihood ratio tests for Poisson and
Gamma models. We reran these models using liana basal area
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from 2017 to confirm that the results were consistent regardless
of the liana census.

We used similar models to determine how patterns of electric
current transfer influenced lightning disturbance severity and dis-
turbance area (n = 65 strikes; Table S1). These models included
the proportion of electrical connections via physical contact with
lianas (liana physical contact), physical contact with trees (tree phy-
sical contact), and the proportion of noncontact electrical connec-
tions via lianas (liana flashover) as predictors (Fig. 1). We did not
include a term for flashover among trees in the models because it
is perfectly collinear with the other predictors. Specifically, the
proportion of tree flashover is implicit in these models because it
equals 1 minus the sum of the other three terms. The proportions
of trees with each type of connection were estimated from the
total number of trees with known electric current sources on a
per strike basis (retaining 85.3% of 1681 possible trees). We
included the same response variables, used the same model error
structures, and applied the same approach to model selection as
described for the analyses of local forest structure.

Using the nine strikes with both forest plot and electric current
transfer data (329 lightning-damaged trees; Table S1), we used
beta regression to determine whether lianas contributed more to
electric current transfer where lianas were more abundant (func-
tion betareg in package BETAREG; Zeileis et al., 2016). We
included local liana basal area (i.e. basal area within 15 m of the
directly struck tree) as the predictor in two models with either
liana physical contact or liana flashover as the response variable.
We used Wald tests to assess significance and examined residuals
to confirm appropriate model fit.

We performed all analyses in the R statistical environment. We
interpret patterns based on the magnitude of their effects, but
we also refer to results with P-values 0.05–0.10 as marginally
nonsignificant.

Results

Among all strikes with local forest structure data (n = 22), light-
ning disturbance was more severe where liana basal area was
higher (Fig. 2). The number of trees damaged and killed per
strike increased with increasing liana basal area within 15 m of
the directly struck tree (Fig. 2a,d). More small trees (< 10 cm
DBH) were damaged in forest patches with higher liana basal
area, whereas larger trees (> 10 cm) exhibited no associations with
forest structure, indicating that lianas primarily transferred elec-
tricity to many small trees (Tables 1, S3; Fig. S3). Local liana
basal area was not associated with biomass turnover, damaged
tree mortality, or total disturbed area (Table 1; Figs 2g,j, S4).
The positive relationship between lianas and disturbance severity
was not confounded by correlations with local tree density or
basal area. Local tree density exhibited weak negative associations
with the number of trees damaged and killed, and no association
with damaged tree mortality or biomass turnover (Fig. 2c,f,i,l).
Local tree basal area was also not associated with any disturbance
metric (Table 1; Figs 2b,e,h,k, S4). Using liana basal area from
2017 instead of 2007 produced similar results; the only differ-
ences were that significant associations between tree density and

the numbers of trees damaged and killed became nonsignificant
(Fig. S5).

Liana-associated electrical connections were strongly positively
associated with tree mortality and damage. There were strong
positive relationships between the percentage of liana physical
contact (Fig. 1) and the number of damaged trees per strike, the
number of trees that died per strike, and the percentage of the
damaged trees that died (Fig. 3a,d,g). Liana flashover and tree
physical contact also had positive relationships with the number
of damaged trees and the number of trees that died from the
lightning event; however, these relationships were weaker than
liana physical contact (Fig. 3b,c,e,f). There was no association
between the percentage of damaged trees that died and either
liana flashover or tree physical contact (Fig. 3h,i). Woody bio-
mass turnover was not associated with any metric of electric cur-
rent transfer, indicating the effects of physical contact and liana
connections on mortality did not translate into detectably greater
biomass loss (Fig. 3j,k,l). The lack of a biomass turnover response
could be explained, in part, by the smaller average diameter of
the additional damaged trees (Table 2). The number of small
trees (< 10 cm DBH) damaged per strike increased with higher
rates of liana physical contact, liana flashover, and tree physical
contact. By contrast, damaged trees 10–50 cm DBH only
increased with higher rates of liana physical contact, and
damaged trees > 50 cm DBH did not change with any metric of
electric current transfer (Table S3; Fig. S6). The diameter of the
directly struck tree was not associated with any aspect of electric
current transfer (F3,61 = 0.37, P = 0.776), indicating that the
smaller average DBH of damaged trees was not related to an
overall decrease local forest height. Variation in per strike dis-
turbed area was not associated with any aspect of current transfer
(Table 2; Fig. S7).

Among the strikes with both local liana and electric current
transfer data (n = 9), lianas facilitated a higher percent of physical
connections where liana basal area was higher (v2 = 3.88,
P = 0.049; Fig. S8) and exhibited a nonsignificant positive trend
with liana flashover (v2 = 2.37, P = 0.124; Fig. S8). Both pat-
terns were weak due to small sample size.

Patterns of electric current transfer varied substantially among
lightning strikes (Fig. 4). Among damaged trees assigned a source
of electric current, 70.4% had tree flashover connections, 10.7%
had liana flashover connections, 8.6% had liana physical contact
connections, 5.8% had tree physical contact connections, and
4.5% were directly struck by lightning. Within a strike, the total
contributions of lianas ranged from 0 to 87.5% of electric con-
nections, 0 to 50% for liana physical contact, and 0 to 45.5% for
liana flashover (Fig. 4).

Discussion

Our findings show that lianas increase the severity of lightning
disturbance in forests, with variable effects depending on tree sta-
ture (i.e. understory vs canopy). Lianas appear to increase light-
ning disturbance severity by providing electrical connections to
additional understory trees within the footprint of the disturbed
area. Our field observations indicated that these smaller trees
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Fig. 2 Lightning damages and kills more trees where liana basal area is greater. Modeled relationships between four aspects of per strike lightning
disturbance severity and each of liana basal area, tree basal area, and tree density within 15m of the directly struck tree (n = 22 strikes for each plot). Tree
mortality (%) is the percent of damaged trees that died. Significant relationships are represented by fitted curves (solid black lines) and shaded bands
represent 95% confidence intervals calculated by holding the other predictors constant at their mean. Panels (a–f) include results of generalized linear
models with Poisson errors and a log-link function. The relationships depicted in panels (g–l) were not statistically significant.
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were damaged and killed more frequently in sites with high liana
basal area and liana-associated electrical connections (Fig. 1).
These patterns show that lianas and lightning, two understudied
phenomena that are sensitive to global change, interact to amplify
their contributions to increased forest turnover.

The positive effects of lianas on per strike lightning severity
does not indicate that lianas cause more damage to all individual
trees. Indeed, the ability of lianas to conduct electric current, as
captured in this study, is consistent with prior work suggesting
that lianas could protect some trees by diverting electric current
to their neighbors (Yanoviak, 2013; Gora et al., 2017). Addi-
tional work at the scale of individual trees is needed to determine

how lianas influence the distribution of electricity and damage
among trees within a lightning disturbance.

The interaction between lianas and lightning has implications
for the geographical distribution of lightning disturbance sever-
ity. Liana density is higher in seasonal tropical forests (Schnit-
zer, 2005; Van Der Heijden & Phillips, 2008; DeWalt
et al., 2015) and in young tropical forests (Dewalt et al., 2000;
Letcher & Chazdon, 2009; Barry et al., 2015). Accordingly, the
average severity of lightning disturbance, in terms of the number
of trees damaged and killed, is likely higher in younger and more
strongly seasonal forests (Schnitzer, 2005; Parolari et al., 2020).
The contributions of this interaction to spatial patterns of forest

Response variable
Test of
significance

Fixed
effect

Test
statistic P-value Coefficients (SE)

Trees damaged by
lightning

v2-test Liana basal
area

67.44 < 0.001 0.807 (0.098)

Tree basal
area

0.01 0.930 < 0.001 (0.003)

Tree
density

10.00 0.002 �0.0002 (< 0.001)

Intercept – – 3.397 (0.277)
Trees killed by lightning v2-test Liana basal

area
74.67 < 0.001 1.590 (0.191)

Tree basal
area

1.97 0.161 0.007 (0.005)

Tree
density

10.25 0.001 �0.0003 (< 0.0001)

Intercept – – 2.437 (0.522)
Proportion of trees dead F test Liana basal

area
1.92 0.183 0.113 (0.081)

Tree basal
area

0.21 0.654 < 0.001 (0.002)

Tree
density

0.60 0.450 < 0.001 (< 0.001)

Intercept – – 0.257 (0.221)
Woody biomass
turnover (Mg)

F test Liana basal
area

0.37 0.550 �0.144 (0.235)

Tree basal
area

0.01 0.940 < 0.001 (0.006)

Tree
density

0.83 0.376 < 0.001 (< 0.001)

Intercept – – 1.133 (0.651)
Mean DBH (mm) of
damaged trees

F test Liana basal
area

13.55 0.002 �234.533 (63.706)

Tree basal
area

0.46 0.507 �1.148 (1.696)

Tree
density

0.03 0.870 �0.005 (0.033)

Intercept – – 580.763 (173.488)
Disturbed area (ha) v2-test Liana basal

area
0.37 0.550 �143.570 (235.362)

Tree basal
area

0.01 0.940 0.479 (6.267)

Tree
density

0.83 0.376 �0.110 (0.121)

Intercept – – 1133.325 (640.952)

Fixed effects were tested individually using partial-F tests (linear models) or v2-tests (generalized lin-
ear models). Significant predictors are highlighted in bold. Numerator and denominator degrees of
freedom were 1 and 18, respectively, for all test statistics. Woody biomass turnover was log-
transformed.

Table 1 Results of linear models explaining
variation in lightning disturbance
characteristics as a function of local forest
structure.
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Fig. 3 Patterns of electric current transfer determine lightning disturbance severity. Modeled relationships between four aspects of per strike lightning
disturbance severity and three pathways of electric current transfer: liana physical contact, liana flashover, and tree physical contact (n = 65 strikes for each
plot; Table 1). The predictors are the percent of trees that experienced the respective mode of current transfer among all trees with recorded current
sources within a strike. Tree mortality (%) is the percent of damaged trees that died. Significant relationships are represented by fitted curves (solid black
lines) and shaded bands represent 95% confidence intervals calculated by holding the other predictors constant at their mean. Panels (a–f) include results
of generalized linear models with Poisson errors and a log-link function. Panels (g–l) include results of Gaussian linear models.
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biomass dynamics are less certain; we did not detect an effect of
lianas on lightning-killed biomass. It is possible that either lianas
do not increase biomass loss or that the additional biomass mor-
tality of a few small trees was not detectable with our sample size
because biomass mortality is dominated by a few large trees
(Meakem et al., 2018; Gora et al., 2021; Piponiot et al., 2022).
Further investigation is needed to test these potential patterns
because they could be complicated by other factors, such as varia-
tion in lightning strike intensity or tree tolerance to lightning
(Richards et al., 2022).

Lianas, lightning strikes, and the interactions between them
likely contribute to increases in tree mortality (Brienen

et al., 2015; Hartmann et al., 2022). Liana stem densities are
increasing in many neotropical forests (Schnitzer & Bongers,
2011; Schnitzer et al., 2021), and lightning strike frequencies are
increasing in some tropical regions (Harel & Price, 2020). Indivi-
dually, each of these factors could increase rates of tree mortality
(Ingwell et al., 2010; Visser et al., 2018; Yanoviak et al., 2020).
However, given that lianas appear to amplify the damaging
effects of lightning, it is possible that these factors are interacting
to increase tree mortality rates (McDowell et al., 2018). Given
that this interaction specifically increases small tree deaths,
increases in lianas and lightning could change forest size structure
and composition. Studies of tree damage and mortality linked to

Response variable
Test of
significance

Fixed
effect

Test
statistic P-value Coefficients (SE)

Trees damaged by
lightning

v2-test Liana
contact

83.78 < 0.001 1.620 (0.168)

Liana
flashover

21.90 < 0.001 0.980 (0.205)

Tree
contact

7.79 < 0.001 0.838 (0.296)

Intercept – – 2.964 (0.042)
Trees killed by lightning v2-test Liana

contact
56.24 < 0.001 2.545 (0.319)

Liana
flashover

34.53 < 0.001 2.539 (0.414)

Tree
contact

18.81 < 0.001 2.807 (0.622)

Intercept – – 1.008 (0.101)
Proportion of trees dead F test Liana

contact
14.71 < 0.001 0.485 (0.127)

Liana

flashover

3.06 0.085 0.229 (0.131)

Tree
contact

3.22 0.078 0.316 (0.176)

Intercept – – 0.099 (0.023)
Woody biomass turnover
(Mg)

F test Liana
contact

< 0.01 0.950 0.084 (1.330)

Liana
flashover

0.20 0.657 0.613 (1.372)

Tree
contact

0.20 0.657 0.828 (1.853)

Intercept – – 1.135 (0.243)
Mean DBH (mm) of
damaged trees

F test Liana
contact

9.48 0.003 �296.56 (96.29)

Liana
flashover

9.00 0.004 �298.22 (99.38)

Tree

contact

3.66 0.061 �256.64 (134.19)

Intercept – – 352.35 (17.63)
Disturbed area (ha) v2-test Liana

contact
0.74 0.391 �0.002 (0.002)

Liana
flashover

0.10 0.747 0.001 (0.002)

Tree
contact

0.33 0.568 0.002 (0.003)

Intercept – – 0.002 (< 0.001)

Fixed effects were tested individually using partial F-tests (linear models) or v2-tests (generalized lin-
ear models). Numerator and denominator degrees of freedom were 1 and 61, respectively, for all
test statistics. Woody biomass turnover was log-transformed. Significant predictors are highlighted
in bold and a marginally significant result is italicized.

Table 2 Results of linear models explaining
variation in lightning disturbance
characteristics as a function of electric current
transfer.
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lightning across gradients of lightning frequency and liana den-
sity are needed to test this potential effect.

It is also possible that lightning–liana interactions produce a
positive feedback loop. Lianas benefit from disturbances because
of their ability to proliferate in the high-light environments of
forest gaps (Rocha et al., 2020; Schnitzer et al., 2021). The results
of this study show that more trees die within a given disturbance
footprint when lianas are present, presumably increasing light
penetration to the forest floor. If lianas proliferate faster in these
more severely disturbed sites, then the lightning disturbances exa-
cerbated by lianas could become hotspots for liana regeneration.
Higher liana densities could complete this feedback loop by
increasing the severity of future lightning strikes to this site or to
adjacent patches of forest. This positive feedback loop could have
major implications for the dynamics of liana–tree competition
and forest carbon budgets. However, detailed measurements of
repeated lightning strikes to the same patch of forest are needed
to evaluate this feedback loop and its contributions to increasing
liana densities.

This study provides a robust test of the relationship between
lianas and lightning disturbance characteristics. Although it is
impossible to directly document electric current transfer with
existing technology, the consistent trends among disturbance
severity, liana basal area, and inferred contributions to electric
current transfer provide strong evidence that lianas amplify light-
ning disturbance severity by facilitating electric current transfer.
This study captured variation among late-secondary and old-
growth forests, and further investigations across a broader range
of forest types are needed to understand the full effects of forest
structure on lightning strike characteristics (e.g. the unexpected
relationship in Fig. 2c). Quantifying these and related processes
will be key to understanding and predicting lightning disturbance
regimes on a changing planet.
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Fig. S2 Distribution of lightning strike surveys over time post-
strike.

Fig. S3 Scatterplots of associations between the number of small
trees (< 10 cm DBH) or mean tree DBH vs forest structure.

Fig. S4 Scatterplots of the area disturbed by each strike as a func-
tion of forest structure.

Fig. S5 Scatterplots comparable to Fig. 2, except using liana cen-
sus data from 2017.

Fig. S6 Scatterplots of associations between the number of small
trees (< 10 cm DBH) or mean tree DBH vs electric current trans-
fer.

Fig. S7 Scatterplots of the area disturbed by each strike as a func-
tion of electric current transfer.

Fig. S8 Relationships between liana basal area and patterns of
electric current transfer.
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rent transfer on variation in lightning-caused disturbances using a
reduced dataset.

Table S3 Results for models explaining variation in lightning-
caused disturbance for trees of different sizes.
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