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Abstract Lianas are an important component of tropical
forests, contributing up to 25 % of the woody stems and
35 % of woody species diversity. Lianas invest less in struc-
tural support but more in leaves compared to trees of simi-
lar biomass. These physiological and morphological dif-
ferences suggest that lianas may interact with neighboring
plants in ways that are different from similarly sized trees.
However, the vast majority of past liana competition studies
have failed to identify the unique competitive effects of lia-
nas by controlling for the amount of biomass removed. We
assessed liana competition in the forest understory over the
course of 3 years by removing liana biomass and an equal
amount of tree biomass in 40 plots at 10 sites in a second-
ary tropical moist forest in central Panama. We found that
growth of understory trees and lianas, as well as planted
seedlings, was limited due to competitive effects from both
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lianas and trees, though the competitive impacts varied by
species, season, and size of neighbors. The removal of trees
resulted in greater survival of planted seedlings compared
to the removal of lianas, apparently related to a greater
release from competition for light. In contrast, lianas had
a species-specific negative effect on drought-tolerant Dip-
teryx oleifera seedlings during the dry season, potentially
due to competition for water. We conclude that, at local
scales, lianas and trees have unique and differential effects
on understory dynamics, with lianas potentially competing
more strongly during the dry season, and trees competing
more strongly for light.

Keywords Procedural control - Community
composition - Global change - Seedling regeneration -
Aboveground competition

Introduction

Tropical forests account for more than 50 % of all
described species and play a disproportionately large role
in the global carbon cycle (Wright 2005). Competition
among plants in tropical forests may help maintain spe-
cies diversity (Wright 2001) and regulate carbon dynam-
ics (Phillips et al. 2002). Woody vines (lianas) are a key
component of tropical forests, where they can commonly
comprise 25 % of the woody stem density, 35 % of woody
species richness, 2—4 % of woody biomass, and 20-30 %
of canopy foliage (Putz 1983; Gentry 1991; Schnitzer et al.
2012, 2014). Because lianas use the architecture of their
host trees to reach the forest canopy, they can allocate more
resources towards rapid stem elongation, growth, and leaf
production, rather than allocate resources to a large stem
diameter (Schnitzer and Bongers 2002). Consequently,
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lianas can rapidly colonize the forest canopy and deploy
their foliage on top of their host tree, resulting in intense
competitive impacts on neighbors (Schnitzer 2005; Kur-
zel et al. 2006; Ladwig and Meiners 2009; Schnitzer et al.
2014; Toledo-Aceves 2014).

While the liana growth form is indeed unique, we cur-
rently have little evidence of how this translates to liana-
specific impacts on neighbors. Specifically, the vast major-
ity of previous studies have focused on the effects of liana
competition using correlative data or by experimental
liana removals (Pérez-Salicrup 2001; Toledo-Aceves and
Swaine 2008; Schnitzer and Carson 2010; Schnitzer et al.
2014). While traditional liana removal experiments have
demonstrated the strong competitive effects of lianas on
tree recruitment, growth, and survival (Grauel and Putz
2004, Schnitzer and Carson 2010; Schnitzer et al. 2014),
they failed to determine whether these effects could be
uniquely attributed to lianas. In other words, these same
effects might be expected following a biomass removal of
any kind (lianas, trees, shrubs). Determining the unique
competitive effects of lianas can only be addressed using a
true procedural control (e.g., an equal removal of liana and
non-liana biomass). Because lianas are an important com-
ponent of tropical forests and appear to be increasing in
abundance relative to trees in neotropical forests (Schnitzer
and Bongers 2011; Schnitzer et al. 2014), determining the
unique effects of lianas on tropical forests is essential to
predicting future forest dynamics.

To date, only one other study has isolated the unique
competitive effects of lianas in tropical forests by compar-
ing liana removals with paired tree removals. Tobin et al.
(2012) studied liana competition in central Panama and
found that lianas had a significantly greater competitive
effect on host canopy tree sap flow than did neighboring
trees of similar biomass. Furthermore, the liana effect in
this forest was stronger during the dry season than during
the wet season (L. Alvarez-Cansino, personal communica-
tion). Collectively, these findings suggest that liana com-
petition with canopy trees is stronger than predicted by
biomass alone, and thus lianas have a uniquely strong com-
petitive effect on canopy trees. This previous work, how-
ever, gives us little information about the effects of lianas
on plants in the understory, which are essential to tropical
forest regeneration.

We used a paired liana and tree removal experiment to
test the hypothesis that lianas suppress tropical tree perfor-
mance, at the seedling and sapling stages, more than trees
of similar biomass. We established ten sites on Gigante
Peninsula within the Barro Colorado Nature Monument
in central Panama and tracked 1,440 planted seedlings, as
well as 1,460 established stems over the course of 3 years
to assess the effects of lianas and trees on plants in the
understory.
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Materials and methods
Site description

The Gigante Peninsula receives 2,600 mm annual rainfall,
and has a pronounced dry season from December to April.
The forest on the Gigante Peninsula is semi-deciduous
and is a mix of mid-successional secondary and older for-
est (Windsor 1990). We established 10 sites on the central
plateau of the Gigante Peninsula in an area dominated by
approximately 60-year-old forest (Schnitzer and Carson
2010; Schnitzer et al. 2014). Within each site, we estab-
lished four circular experimental plots (8 m diameter).
We selected sites that were relatively flat and had at least
two areas with a high concentration of liana stems and two
areas with a similarly large number of tree saplings within
a 3040 m distance of each other (to reduce within site
heterogeneity). After surveying the existing liana and tree
stems (described below), we randomly assigned a control
treatment and a removal treatment for each growth form
category (liana or tree, hereafter referred to as plot type)
at each site. To verify that plot type (high liana abundance
vs. high tree abundance) did not actually reflect underly-
ing abiotic factors (e.g., slope; Ledo and Schnitzer 2014),
we directly and separately compared plot type of controls
in our statistical model.

Experimental biomass removals

In March 2008, we surveyed all lianas and trees >0.5 cm
diameter measured 130 cm from the roots (methods follow
Gerwing et al. 2006; Schnitzer et al. 2008) in each of the
10 sites (40 plots total). We calculated the biomass of each
individual using growth-form-specific allometry equations
(Brown 1997 for trees; Schnitzer et al. 2006 for lianas).
All stems not marked for removal were measured, mapped,
identified, and tagged with uniquely numbered permanent
metal census tags. In May 2008, we removed approxi-
mately the same biomass at the liana removal plot and the
tree removal plot within each site. All remaining stems in
liana control and tree control plots were quantified in terms
of biomass, but otherwise were left intact. Following the
initial removal, we returned to the sites after 1 month and
removed any re-growth that occurred on the cut stems.
We also cut any further re-growth that occurred on any of
the removed stems every 6 months following the initial
removal, although by June 2009 the regrowth was limited
(methods follow Schnitzer and Carson 2010).

Growth of uncut stems (lianas and trees)

Following the liana and tree removals, we measured the
diameter growth of all uncut stems (lianas, and trees,
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Table 1 Species-specific allometric equations used for calculat-
ing aboveground biomass (AGB) using height in cm (Hf), number of
leaves (Nlvs), longest leaf in cm (LIv), number of leaflets (VIfl), short-

est leaf in cm (SIv), and basal diameter in mm (diam) of seedlings on
Gigante Peninsula, Panama

Species Equation r

A. membranacea AGB = —0.04 — (0.0009 x Ht) + (0.004 x Nlvs) + (0.02 x Llv) 0.73

D. oleifera AGB = —1.3 4+ (0.09 x Nlvs) + (0.04 x NIfl) + (0.12 x Llv) 4+ (0.04 x Slv) 0.95
+ (0.009xHt) + (0.39 x diam)

L. canadensis AGB = —0.06 — (0.001 x Nlvs) + (0.01 x Llv) 4+ (0.003 x Ht) 0.73

We also indicate the adjusted 7* value (statistical robustness of the fit) for each allometric relationship

hereafter referred to as “uncut stems”) in all plots in
November 2008, June 2009, August 2010, and August
2011. At each census, we added all new plants that either
recruited into the lowest size class (0.5 cm at breast height)
or had newly rooted within the plots. Relative growth
rates between census intervals were obtained by calcu-
lating biomass from allometry equations (Brown 1997,
Schnitzer et al. 2006) and using these values to calculate
RGR [RGR = In(final biomass) — In(initial biomass)/days
between census intervals; Poorter and Lewis 1986].

Seedling growth and survival

To quantify the effects of liana and tree removal on regen-
erating seedlings, we established one 1 x 1 m seedling sub-
plot within each of the 40 larger plots. In March 2008, we
collected seeds from three tree species on Gigante penin-
sula: Lacmellea panamensis, Apeiba membranaceae, and
Dipteryx oleifera. The three species represented distinct
life-history strategies: L. panamensis is a canopy tree spe-
cies that has medium to large sized seeds and is moderately
shade-tolerant (Myers and Kitajima 2007), A. membrana-
cea is a pioneer species with small seeds that usually only
regenerates in high light environments, such as treefall
gaps (Tyree et al. 1998), and D. oleifera is a large emer-
gent tree that has large seeds and is relatively drought-tol-
erant (Tyree 2003). We germinated the seeds in sterile soil
in a shade-house and allowed them to grow for 2 months
prior to transplanting them into the plots. In May 2008, we
planted 14 seedlings of L. panamensis, 16 seedlings of A.
membranacea, and 6 seedlings of D. oleifera into each of
the 40 subplots (1,440 total seedlings). We censused the
seedling plots in November 2008, June 2009, November
2009, August 2010, January 2011, and August 2011—cor-
responding roughly to wet season and dry season measure-
ments for 3 years. We derived species-specific allometry
equations in June 2008 by destructively harvesting 15-30
individuals of each species from the shade-house and cor-
relating leaf number, longest leaf length, stem length, and
stem diameter (D. oleifera only) with dry weight measure-
ments (Table 1).

Canopy openness measurement

In November 2008 (after the removals), we measured
canopy openness (as a proxy for light availability) 1 m
above the ground in each of the seedling subplots using a
concave spherical densiometer (Forestry Suppliers, Jack-
son MS, USA). Canopy openness estimated in this way
is a course estimate of relative differences in light levels
in the understory (Englund et al. 2000). We re-measured
canopy openness in June 2009 and January 2012 to assess
whether initial responses changed over the course of the
study.

Data analysis
Uncut stems

We used a linear mixed effects model to analyze the impor-
tance of plot type (high liana abundance or high tree abun-
dance) and treatment type (removal vs. control) on the
growth rate (RGR) of all uncut stems. We included these
two factors and their first order interaction as fixed effects.
We included a nested random effects term to account for
autocorrelation of measurements taken over time and
space. Specifically, we included census interval as a ran-
dom effect to account for autocorrelation of measurements
taken over time. We included site nested within census
interval as a random effect to account for random variation
associated with the spatial separation of the 10 sites. We
also included stem ID as a random effect nested within the
above term to account for autocorrelation of measurements
taken on the same individuals over time (random = census/
site/stem ID).

We included growth form of standing stems as a sepa-
rate random effect in the statistical model as well. This
allowed us to account for inherent differences in stem types
that covaried with treatment groups (more lianas remaining
in tree removals and more trees remaining in liana remov-
als), and to test for underlying differences between treat-
ments (included as a separate random term from the nested
term described above).
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Planted seedlings

We used a mixed effects model to analyze the fixed effects
of plot type, treatment type, and their interaction on planted
seedling growth (RGR). We also included species identity
and season (dry vs. wet), as well as all higher order interac-
tions with plot type and treatment type as fixed effects in
this seedling analysis. To account for spatial variation asso-
ciated with site (1-10) and spatial variation associated with
multiple seedlings planted within one seedling subplot (and
treatment applied at the plot level) we included plot as a
random effect nested within site. We also included census
number as a random effect to account for autocorrelation of
measurements taken over time, and seedling ID to account
for multiple measurements taken on the same individuals
over time (random = census/site/subplot/seedlingID).

For tree seedling survival, we conducted a generalized lin-
ear mixed effects model (GLMM) with a binomial distribution
(link = logit) to assess the effects of all treatments on seedling
survival. We conducted all analyses using the (g)lmer function
in the Ime4 package in the R statistical platform.

Canopy openness measurements

We assessed how canopy openness directly above the plots
changed in response to the different treatments using a mixed-
effects ANOVA. Plot type, treatment type, and their interac-
tions were included as fixed effects. Census interval and site
number were included as random effects. We then assessed
whether canopy openness had a direct effect on the growth of
the remaining trees and lianas, as well as the species-specific
growth and survival of the planted tree seedlings using linear
and logistic (for survival) regression with census number, site
number, and subplot included as random effects.

Results
Growth of uncut stems

When averaged across all remaining individuals we found
that growth of uncut stems was greater in all removals
(F1 5 = 8.0, P = 0.009; Fig. 1) and there was not a unique
effect of liana competition (no growth form by treatment
interaction, F;,, = 3.3, P = 0.08) or a significant dif-
ference between liana plots vs. tree plots (F,, = 0.09,
P=0.77).

Planted seedling survival
Seedling survival was lower due to competition from both

trees and lianas (Table 2); however, removing trees resulted in
the largest increase in seedling survival (plot type x treatment
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Fig. 1 Relative growth rate (RGR) of established (uncut) lianas and
trees in response to either liana or tree cutting manipulations and un-
manipulated control plots on Gigante Peninsula, Panama. Bars means
+ SE (n = 1,460), letters represent statistically different groups

interaction; Table 2; Fig. 2a). Much of the negative effects of
competition (from both trees and lianas) occurred during the
dry season, when survival was much higher in the removal
plots (Fig. 2b). There was also a significant interaction
between species identity and season (Table 2) with drought-
tolerant D. oleifera surviving better in the dry season than in
the wet season. In contrast, L. panamensis showed the reverse
pattern and A. membranacea survived at very low rates during
both seasons (Fig. 3). There was also an interaction between
species identity and treatment (Table 2), where all three spe-
cies survived better in removals, but the response of the shade
intolerant species, A. membranacea, was the strongest.

Planted seedling growth

Mean seedling growth averaged across all species was sup-
pressed by both lianas and trees (Table 3). However, lianas
and trees had different effects on the growth of different
species during different seasons (site X treatment x sea-
son x species; Table 3). Specifically, D. oleifera growth
was strongly and uniquely suppressed by liana competition
but not tree competition during the dry season (Fig. 4a).
During the wet season, D. oleifera growth was also limited
by lianas, but trees had a more negative effect on growth:
D. oleifera grew ~50 % less in tree control plots than in
liana control plots (Fig. 4b). Conversely, both L. panamen-
sis and A. membranaceae grew similarly across treatments
in both the wet season and the dry season.

Canopy openness

Both liana and tree removals increased canopy openness
and thus light in the forest understory directly above the
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Table 2 Results of ANOVA examining the effects of plot type (PT),
treatment type (77), species ID, and season on tree seedling survival
on Gigante Peninsula, Panama

Fixed effect df x2 P

PT (liana vs. tree) 1,39 0.10 0.75
TT (control vs. removal) 1,39 46.5 <0.0001
Season 1,38 31.3 <0.0001
Species 2,38 834.3 <0.0001
PT x TT 1,39 9.26 0.002
PT x season 1,38 0.16 0.92
TT x season 1,38 4.98 0.03
PT x species 2,38 1.54 0.46
TT x species 2,38 41.6 <0.0001
Season x species 2,36 130.3 <0.0001
PT x TT x season 1,38 0.17 0.92
PT x TT x species 2,38 5.35 0.07
PT x season x species 2,36 6.03 0.20
TT x season x species 2,36 8.41 0.08
PT x TT x season x species 2,36 1.24 0.87

This mixed effects model also took into account spatial variation
associated with the blocked design (site), autocorrelation associated
with taking measurements on multiple seedlings within a single plot
(plot), taking measurements on the plots over time (census), and
autocorrelation of measurements taken on the same individuals over
time (random effect in the statistical model = census/site/plot/seed-
ling ID). We used the pbkrtest package in R to estimate denomina-
tor degrees of freedom (df) and report here on df.small. In the mixed
effects model framework, denominator degrees of freedom differ
depending on the metric described

seedling plots (F g; = 33.3, P < 0.0001; Fig. 5a). Remov-
ing trees resulted in a greater increase in canopy open-
ness than removing lianas (interaction term, F, g; = 9.54,
P = 0.003). Canopy openness was not related to stand-
ing stem growth across treatment types (Fjgq o = 1.67,
P = 0.20). However, increased canopy openness in the
understory was correlated with higher seedling survival
(F 2304 = 16.2, P = 0.0001), particularly for A. membrana-
cea seedlings (interactions term, F) 535, = 3.77, P = 0.02;
Fig. 5b) and increased seedling growth (with no interaction
with species, F 1356 = 7.95, P = 0.005; Fig. 5¢).

Discussion

While previous work has demonstrated that the removal of
lianas in a tropical forest can have markedly positive effects
on remaining seedlings and saplings (Pérez-Salicrup 2001;
Grauel and Putz 2004), this previous work focused on the
general effects of biomass removals without accounting
for the expected effects that would occur following the
removal of any competitor biomass. To truly understand the
competitive effects of either lianas or trees, we must assess

competition in the context of a true experimental control.
We report here on the first evidence of the unique effects
that lianas have on understory plant growth and survival by
controlling for the amount of biomass removed. Interest-
ingly, whereas past work has demonstrated that the effects
of lianas on trees in the canopy and in gaps are profoundly
negative (e.g., Grauel and Putz 2004; Schnitzer and Car-
son 2010; Tobin et al. 2012; Schnitzer et al. 2014), using
our procedural control approach we show that the unique
effects of lianas in the understory are more diffuse and
nuanced. Specifically, lianas and trees in the understory
may affect each other in similar ways, with little differences
in the results we found for the effects of lianas versus trees
on uncut stems (Fig. 1). Furthermore, trees in the under-
story may have a stronger local impact on understory seed-
lings than lianas of similar biomass, where trees reduce the
amount of light directly below their crown, which may lead
to lower overall growth and survival of seedlings growing
in dense tree patches. While past work has focused on the
uniquely negative effects of lianas in tropical forests (e.g.,
Tobin et al. 2012), the results we report here indicate that
the unique effects on understory plant growth and survival
may not be as strong as previously considered.

Lianas can grow long distances laterally away from their
rooting points (Putz and Windsor 1987), and even small
diameter lianas (~2 cm diameter) are commonly found
growing in the forest canopy (Kurzel et al. 2006), where
they spread into neighboring trees (Putz and Windsor 1987;
Schnitzer and Bongers 2002). When in the canopy, lianas
deploy a large amount of leaves over a broad area at the top
of the forest canopy (Schnitzer and Bongers 2002). Ongo-
ing experimental studies that removed lianas from large
forest plots (80 x 80 m) on Gigante Peninsula in Panama
found that lianas constitute around 20 % of the forest leaf
area, and thus they significantly decrease light penetration
into the understory at this scale (Rodriguez and Schnitzer,
unpublished data). However, because the canopy of lianas
is often spread over much larger distances than that of trees,
the effects of lianas on light are also spread over larger dis-
tances, and their effect at a local scale (surrounding a focal
tree) in the forest understory, such as in our study, may be
small (Fig. 5a).

Conversely, trees may have a greater per capita effect
than lianas on understory light levels in their immediate
neighborhood. We found that canopy openness below trees
was 1.4x higher after sapling removals than in unmanipu-
lated controls, whereas canopy openness in liana removals
was only about 1.1x higher than in unmanipulated con-
trols (Fig. 5). The architecture of a tree results in a con-
fined crown that is typically positioned directly over the
roots and attenuates the majority of light directly under-
neath itself. Trees tend to grow straight up from their root-
ing point (presumably due to their need to support their
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1.8 4 Table 3 Results of ANOVA examining the effects of site type (ST),
- (a) treatment type (77), species ID, and season on seedling relative
1.4 4 growth rate (RGR, g seedling™! day™') on the Gigante Peninsula,
| Panama. Degrees of freedom vary based on random effects as in
n Table 2
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] . . . ST x TT x season x species 2,67 3.12 0.05
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Fig. 2 Tree seedling survival (adjusted means) following liana and T b T b
tree removals, a over the entire 3-year period and b comparing wet 041 b
season and dry season survival on Gigante Peninsula, Panama. Val- ~ 02 I I
ues are adjusted means £ SE (n = 1,440) determined in the four-way . | a
ANOVA framework adjusted for multiple comparisons among groups g 00l % + P! + ':IL' +
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Fig. 4 Seedling relative growth rates (RGR) in liana and tree
Fig. 3 Tree seedling survival (adjusted means) of three tree species removal and control plots during a dry and b wet seasons on Gigante
during the wet and dry seasons in a tropical forest in central Panama. Peninsula, Panama. Bars represent adjusted means & SE (n = 1,440).
Values are adjusted means + SE (n = 1,440) determined in the four- Letters indicate significant differences within species in response to
way ANOVA framework adjusted for multiple comparisons among site differences and treatment differences (statistical differences using
groups post hoc Student’s ¢ tests)
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growth rate (RGR). We measured canopy openness directly above
the seedling subplots using a spherical densiometer. Bars represent
adjusted means (£SE; n = 1,440) and dotted lines in (c) represence
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own weight) and even the crown diameter of large canopy
trees are rarely more than 10x their basal diameter (Asner
et al. 2002). For seedlings and understory plants growing
near tropical trees, this shading may result in significant
competition for light (and potentially other resources).
Indeed, seedling survival (particularly for shade intoler-
ant A. membranacea) in our study followed the same pat-
tern as canopy openness (a proxy for light availability).
Seedling survival increased most in plots where trees
were removed compared to unmanipulated plots (Fig. 2a).
Because light is particularly important to small germinat-
ing seedlings, the presence of trees in the understory is
likely to reduce seedling survival more than the presence
of lianas.

Similar to patterns observed in other systems (Wright
et al. 2014) the relative impact of lianas versus trees may
shift depending on the size and vertical positioning of
neighbors. Lianas may compete most intensely with mul-
tiple canopy trees (Tobin et al. 2012) and in treefall gaps
(Schnitzer and Carson 2000, 2010; Dalling et al. 2012;
Ledo and Schnitzer 2014; Schnitzer et al. 2014). Trees and
lianas may compete similarly with medium-sized (>0.5 cm
DBH) understory plants (Fig. 1). At the seedling stage, the
competitive relationship may reverse, where on average
trees may have more intense competitive impacts on under-
story seedlings located near their rooting point than do lia-
nas of similar biomass (Fig. 2a). Thus, the strength of liana
and tree competition on trees may vary with the life-history
stage of the target tree.

Lianas and trees may also have unique effects on tree
seedling regeneration depending on the season and seedling
species identity. Specifically, D. oleifera seedlings grow-
ing near lianas during the dry season grew significantly less
than D. oleifera seedlings growing in liana removals or in
any of the tree plots (removals or controls). Past work has
suggested that lianas compete intensely for belowground
resources during the dry season (Schnitzer 2005; Schnitzer
et al. 2005; Dewalt et al. 2009), possibly due to well-devel-
oped root systems that can draw down soil water resources
even when soil water is scarce (Andrade et al. 2005). In
our study, D. oleifera was the only species that maintained
higher survival rates during the dry season than during the
wet season (Fig. 3). Consequently, D. oleifera was the only
drought-tolerant seedling in our study (Tyree 2003), and
the only species that was competing with neighboring lia-
nas for similar belowground resources during the dry sea-
son. During the wet season, however, D. oleifera seedlings
were most limited by competition from trees (Fig. 4b). The
release from competition of D. oleifera seedlings growing
near trees during the wet season likely reflects a shift to
competition for aboveground resources, where surround-
ing trees have a more negative effect on canopy openness
above understory seedlings (Fig. 5a).

Importantly, liana competition belowground may be
even stronger than demonstrated in the current study. Lia-
nas can grow adventitious roots along their stems and also
grow long distances belowground (Restom and Nepstad
2004). The liana manipulation may not have completely
removed liana competition belowground, as some lianas
may have been rooted just outside the plot and may have
continued to compete within the plot for belowground
resources. Future studies may need to excavate or trench
around plots to ensure equal manipulations of root compe-
tition between lianas and other growth forms.

Collectively, our findings indicate that lianas and trees
compete differently with neighboring plants in the for-
est understory. Trees may have stronger local effects on a
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wider range of seedlings in the forest understory during the
wet season, when competition for light may be more criti-
cal. In contrast, lianas may have stronger species-specific
effects on tree seedlings in the understory during the dry
season, when competition may be predominantly below-
ground. Finally, the growth-form-specific and species-spe-
cific interactions we show here may be important for long-
term forest dynamics. We demonstrate that interactions
with seedlings may be different in liana-dominated versus
tree-dominated patches in the understory. Consequently,
the observed increase in liana density, biomass, and pro-
ductivity at the expense of trees in neotropical forests
(Schnitzer and Bongers 2011; Schnitzer et al. 2014) may
further impact long-term forest community composition
via altered seedling dynamics.
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