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Title L-/U-Shapes Loops Crossings Series Pairs Reference
Oil’s Roller Coaster Ride (2008) 3 1 2 1 [5]
Driving Shifts Into Reverse (2010) 10 1 1 1 [10]
Driving Safety, in Fits and Starts (2012) 9 1 1 1 [11]
The Rise of Long-Term Joblessness (2013) many many many 1 [6]
Helium Supply (2013) 9 2 2 1 [28]
Chart redraw: Troops Vs. Cost (2013) 3 0 0 1 [3]
Janet L. Yellen, on the Economy’s Twists and Turns (2013) 5 many many 1 [14]
Holdouts Find Cheapest Super Bowl Tickets Late in the Game (2014) 1-3 0 1 5 [38]
The Fed’s Balancing Act (2014) 0-many 0-many 0-many 6 [27]
Il giocattolo si è rotto (2014) 21 0 0 1 [23]
Graduation, marijuana use rates climb in tandem (2014) 2 0 0 1 [20]
Wage Growth Is No Longer as Sensitive to Labor Market. . . (2014) many many many 1 [41]
In Short-Term Unemployment Data, Good and Bad News (2014) 1 (unclear) many 1 [12]

Table 1. Examples of connected scatterplots in news graphics (and one blog) that we examined. The examples with ‘many’ loops or U-shapes are
generally plots of unemployment paired with vacancy rate or inflation, and thus similar to the original Beveridge Curve.

Fig. 2. Oil’s Roller Coaster Ride [5] uses the connected scatterplot
to show the relationship between oil consumption (horizontal axis) and
oil price (vertical axis) over time. The prominent loop draws readers’
attention, annotations point out particular points of interest.

A useful metaphor for thinking about the connected scatterplot is
the Etch-A-Sketch. In this popular American children’s toy, two knobs
on the front surface control the vertical and horizontal direction, re-
spectively, of a stylus that draws on a glass screen. In this metaphor,
each time series controls one of the knobs, as time is incremented from
the start to the end time. The result is a two-dimensional image that re-
flects the changes in those values on each axis. Importantly, it also ex-
plains why there is no change in the connected scatterplot when there
is no change in the values within each time series across time steps,
because the knobs are not moved.

2.1 Components
Points are typically shown as dots or circles. They help users see
when the values were sampled. Since time is not directly represented
in the plot, the points are an important indicator of time steps, as their
spacing indicates the rate of change. In contrast to the DALC, the
connected scatterplot (CS) also requires that the points for each time
series are sampled at the same times (see also Section 2.4 below).

One exception which has irregularly spaced samples is a graphic
in Wired Italy [23], which plots inequality vs. GDP in Italy over 150
years. It draws a line for each prime minister, whose office terms vary
considerably (from one year to over a decade).
Lines connect consecutive points, allowing the observer to see tempo-
ral connections, as well as giving the data a shape. Without the lines,
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Fig. 3. (Top) Right angles indicate that the rate of change swaps be-
tween series. (Bottom) Loops in the connected scatterplot are the result
of similar patterns that are shifted by up to a quarter of the periodicity of
the pattern (Section 2.2).

the chart simply reverts to a traditional scatterplot, with no indication
of sequence.
Arrows Without an indication of the direction of time, a connected
scatterplot can be drastically misinterpreted (Figure 4). There are other
ways of indicating direction, such as lines with varying thickness, gra-
dients, or even animation, but all the examples we are aware of use
arrows. These arrows can be omitted when the direction is explained
separately (such as with different symbols indicating the beginning
and end of the line), when the points are labeled, or when there is
an obvious direction (usually left to right) that is also pointed out in
the text. However, this alternative makes the chart less self-contained,
requiring the reader to seek critical information.

2.2 Distinctive Shapes: Ls and Loops
Connected scatterplots often contain two particularly interesting fea-
tures: L-shapes and loops (Figure 3). Both are visually salient fea-
tures and unusual (L-shapes), if not impossible (loops), in familiar line
charts.

L-shaped features, where the line changes direction at close to 90�,
are both visually salient and interesting in the data. They represent
sudden changes in the relationship between the two time series, for
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tures: L-shapes and loops (Figure 3). Both are visually salient fea-
tures and unusual (L-shapes), if not impossible (loops), in familiar line
charts.

L-shaped features, where the line changes direction at close to 90�,
are both visually salient and interesting in the data. They represent
sudden changes in the relationship between the two time series, for



SteveHaroz.com





A B C

h

s

i

o

Title L-/U-Shapes Loops Crossings Series Pairs Reference
Oil’s Roller Coaster Ride (2008) 3 1 2 1 [5]
Driving Shifts Into Reverse (2010) 10 1 1 1 [10]
Driving Safety, in Fits and Starts (2012) 9 1 1 1 [11]
The Rise of Long-Term Joblessness (2013) many many many 1 [6]
Helium Supply (2013) 9 2 2 1 [28]
Chart redraw: Troops Vs. Cost (2013) 3 0 0 1 [3]
Janet L. Yellen, on the Economy’s Twists and Turns (2013) 5 many many 1 [14]
Holdouts Find Cheapest Super Bowl Tickets Late in the Game (2014) 1-3 0 1 5 [38]
The Fed’s Balancing Act (2014) 0-many 0-many 0-many 6 [27]
Il giocattolo si è rotto (2014) 21 0 0 1 [23]
Graduation, marijuana use rates climb in tandem (2014) 2 0 0 1 [20]
Wage Growth Is No Longer as Sensitive to Labor Market. . . (2014) many many many 1 [41]
In Short-Term Unemployment Data, Good and Bad News (2014) 1 (unclear) many 1 [12]

Table 1. Examples of connected scatterplots in news graphics (and one blog) that we examined. The examples with ‘many’ loops or U-shapes are
generally plots of unemployment paired with vacancy rate or inflation, and thus similar to the original Beveridge Curve.

Fig. 2. Oil’s Roller Coaster Ride [5] uses the connected scatterplot
to show the relationship between oil consumption (horizontal axis) and
oil price (vertical axis) over time. The prominent loop draws readers’
attention, annotations point out particular points of interest.

A useful metaphor for thinking about the connected scatterplot is
the Etch-A-Sketch. In this popular American children’s toy, two knobs
on the front surface control the vertical and horizontal direction, re-
spectively, of a stylus that draws on a glass screen. In this metaphor,
each time series controls one of the knobs, as time is incremented from
the start to the end time. The result is a two-dimensional image that re-
flects the changes in those values on each axis. Importantly, it also ex-
plains why there is no change in the connected scatterplot when there
is no change in the values within each time series across time steps,
because the knobs are not moved.

2.1 Components
Points are typically shown as dots or circles. They help users see
when the values were sampled. Since time is not directly represented
in the plot, the points are an important indicator of time steps, as their
spacing indicates the rate of change. In contrast to the DALC, the
connected scatterplot (CS) also requires that the points for each time
series are sampled at the same times (see also Section 2.4 below).

One exception which has irregularly spaced samples is a graphic
in Wired Italy [23], which plots inequality vs. GDP in Italy over 150
years. It draws a line for each prime minister, whose office terms vary
considerably (from one year to over a decade).
Lines connect consecutive points, allowing the observer to see tempo-
ral connections, as well as giving the data a shape. Without the lines,
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Fig. 3. (Top) Right angles indicate that the rate of change swaps be-
tween series. (Bottom) Loops in the connected scatterplot are the result
of similar patterns that are shifted by up to a quarter of the periodicity of
the pattern (Section 2.2).

the chart simply reverts to a traditional scatterplot, with no indication
of sequence.
Arrows Without an indication of the direction of time, a connected
scatterplot can be drastically misinterpreted (Figure 4). There are other
ways of indicating direction, such as lines with varying thickness, gra-
dients, or even animation, but all the examples we are aware of use
arrows. These arrows can be omitted when the direction is explained
separately (such as with different symbols indicating the beginning
and end of the line), when the points are labeled, or when there is
an obvious direction (usually left to right) that is also pointed out in
the text. However, this alternative makes the chart less self-contained,
requiring the reader to seek critical information.

2.2 Distinctive Shapes: Ls and Loops
Connected scatterplots often contain two particularly interesting fea-
tures: L-shapes and loops (Figure 3). Both are visually salient fea-
tures and unusual (L-shapes), if not impossible (loops), in familiar line
charts.

L-shaped features, where the line changes direction at close to 90�,
are both visually salient and interesting in the data. They represent
sudden changes in the relationship between the two time series, for

Haroz, Kosara, & Franconeri (2016)
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Related account: Huang & Pashler, 2007, Psych Rev. 
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*The difference between these slopes is significant, p = 0.0001 
Yu, Tam, Levinthal, & Franconeri (submitted)
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Experiment 2

Experiment 1 showed that the capacity for extracting the 
shape of a common-fate group is severely limited. However, 
even if shape information is not available, the visual system 
may be able to detect coarse properties of groups in a dis-
play (e.g., the number of clusters of grouped elements; see 

Trick & Enns, 1997). Although discrimination of the shape 
of common-fate groups may be inefficient, observers may 
nonetheless be able to efficiently detect the existence of such 
groups. To test this possibility, we altered the visual search 
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Fig. 2. Experimental stimuli and results. In Experiment 1, each display contained two, four, or eight dots pairs defined by common movement (a), 
and participants searched for a vertically oriented pair (highlighted here by the gray shading) among horizontally oriented pairs; the graph (b) shows 
response time in the two conditions as a function of the number of dot pairs in the display. In Experiment 2, each display contained five or nine dot 
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Nonadditive eVects of Xower damage and hummingbird 
pollination on the fecundity of Mimulus luteus

Nélida Pohl · Gastón Carvallo · Carezza Botto-Mahan · 
Rodrigo Medel 

Abstract Flower herbivory and pollination have been
described as interactive processes that inXuence each
other in their eVects on plant reproductive success.
Few studies, however, have so far examined their joint
eVects in natural populations. In this paper we evaluate
the inXuence of Xower damage and pollination by the
hummingbird Oreotrochilus leucopleurus on the fecun-
dity of the Andean monkey Xower Mimulus luteus. We
performed a 2£2 factorial experiment, with artiWcial
clipping of lower petals and selective exclusion of the
hummingbird as main factors. In spite of the relatively
low proportion (27.5%) of the variance in seed produc-
tion accounted for by the full factorial model, artiWcial
damage and hummingbird exclusion, as well as their
interaction, were highly signiWcant, indicating nonaddi-
tive eVects of factors on plant fecundity. In the pres-
ence of hummingbirds, undamaged Xowers had a seed
production that was 1.7-fold higher than for damaged
Xowers, suggesting that the eVect of Xower damage on
female reproductive success occurs probably as a con-
sequence of hummingbird discrimination against dam-
aged corollas. This result indicates that the impact of
Xower herbivory on plant fecundity was contingent on

the presence or absence of hummingbirds, suggesting
that pollinators may indirectly select for undamaged
and probably resistant Xower phenotypes. A second
interaction eVect revealed that undamaged Xowers
produced 78.5% more seeds in the absence of rather
than in the presence of O. leucopleurus, raising the
question of the ecological mechanism involved. We
suggest that the strong territorial behavior exhibited by
the bee Centris nigerrima may conWne the foraging
activities of the remaining bee species to safe sites
within exclosures. Overall, our results provide evi-
dence that hummingbird pollination and Xower herbiv-
ory have interdependent eVects on M. luteus fecundity,
which indicates that it will be diYcult to predict their
ecological and evolutionary consequences unless inter-
actions are analyzed in an integrated form.

Keywords Chile · Andes mountain range · 
Oreotrochilus leucopleurus · Nectar guide · Flower 
herbivory

Introduction

The relationship between herbivory and pollination
has increasingly attracted the attention of ecologists
because herbivores often modify characters involved in
pollination attraction, such as the number of Xowers
(e.g., Karban and Strauss 1993; Quesada et al. 1995),
corolla size (e.g., Strauss et al. 1996; Lehtilä and
Strauss 1999), and Xowering time (Frazee and Marquis
1994). It is known that Xoral herbivory can have direct
and indirect eVects on plant reproductive success
(Strauss 1997; Krupnick et al. 1999; Mothershead and
Marquis 2000; Kelly and Dyer 2002). On the one hand,
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(Apidae, Hymenoptera) and Rachiplusia virgula (Noc-
tuidae, Lepidoptera). All of these larvae damage petals
and Xower buds, often causing Xowers to abort prior to
full seed development.

Flower herbivory and pollen limitation

To quantify the importance of the hummingbird
O. leucopleurus relative to insect pollinators, we
recorded the Xower visitors over a total of 42 h of
observation distributed between 8:00 and 20:00 h dur-
ing four consecutive days in the Wrst week of Febru-
ary 2002. The pollinator assemblage did not change
during the Xowering season of M. luteus (mid-January
to end of February), which suggests that our four-day
observation period did not underestimate pollination
visits. Visitation rates were calculated as the number
of visits per Xower per hour. To quantify the extent of
natural Xower herbivory, on 29th January 2002 we
tagged 200 Xower buds, one bud per plant, and
checked damage daily until withering. The number of
damaged petals and the location of damage (upper,
lateral or lower petal) were also recorded. Digital
photographs of all monitored Xowers were taken and
their corolla and nectar guide size measured for sub-
sequent inclusion as covariates in statistical analyses.
Flower measurements were performed in UTHSCSA
Image tool for Windows v. 2.0 (Wilcox et al. 2000).
The necessity of pollinators for reproduction was esti-
mated from the following crossing treatments: (1)
spontaneous self-pollination, by bagging individual
Xower buds; (2) artiWcial self-pollination, with stigmas
manually saturated with pollen from the same Xower;
(3) artiWcial cross-pollination, with stigmas manually
saturated with pollen from plants 5 m distant from the
focal Xower. Each treatment consisted of 20 Xowers
from diVerent plants. All capsules were collected 23–
26 days after anthesis and carried to the laboratory
for seed counting.

Experimental procedure

On 3rd February 2002, in the middle of the Xowering
season of M. luteus, we set up a Weld experiment in a
two-way factorial design to dissect the eVects of Xower
damage, hummingbird pollination, and their interac-
tion on the reproductive success of M. luteus. The eVect
of Xoral damage on the seed set was evaluated on a
per-Xower basis by clipping lower petals with circular
0.28 cm2 perforations (Fig. 1). Because corollas show-
ing deviations from symmetry may suVer reduced
Xower visitation and female reproductive success (e.g.,
Møller 1995; Møller and Eriksson 1995; but see
Siikamäki et al. 2002; Botto-Mahan et al. 2004), clip-
pings were performed at the geometric center of the
lower petal. The eVect of hummingbird pollination was
evaluated by precluding bird access to Xowers within
exclosures, while exposing another set of Xowers to
complete pollination by insects and hummingbirds.
Exclosures consisted of closed-topped rigid polyethyl-
ene cylinders 100 cm in height and 30 cm in diameter
made of 6.25 cm2 dark green mesh, which allowed
insects free access to enclosed Xowers. We randomly
assigned 200 Xowers from diVerent plants to one of
the following four treatments: (1) damaged Xowers
and hummingbirds excluded; (2) damaged Xowers and
hummingbirds present; (3) undamaged Xowers and
hummingbird excluded, and; (4) undamaged Xowers
and hummingbirds present (natural situation). Only
Wrst-day Xowers were used at the beginning of each
experiment. During the season, most plants presented
only one open Xower at a time. This prevented us from
replicating Xowers per plant without disturbing pollina-
tors. Consequently, all subsequent analyses are on a
per-Xower basis. To avoid a confounding eVect of natu-
ral herbivory on Xowers, we checked for the presence
or absence of herbivory on petals daily. Capsules were
collected 23–26 days after experiment initiation, and
seeds were counted in the laboratory.

Fig. 1 Flower of Mimulus 
luteus, illustrating a corolla 
before (left) and after (right) 
experimental clipping of the 
lower petal. Photograph by 
R. Medel
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than in the presence of O. leucopleurus, raising the
question of the ecological mechanism involved. We
suggest that the strong territorial behavior exhibited by
the bee Centris nigerrima may conWne the foraging
activities of the remaining bee species to safe sites
within exclosures. Overall, our results provide evi-
dence that hummingbird pollination and Xower herbiv-
ory have interdependent eVects on M. luteus fecundity,
which indicates that it will be diYcult to predict their
ecological and evolutionary consequences unless inter-
actions are analyzed in an integrated form.
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Introduction

The relationship between herbivory and pollination
has increasingly attracted the attention of ecologists
because herbivores often modify characters involved in
pollination attraction, such as the number of Xowers
(e.g., Karban and Strauss 1993; Quesada et al. 1995),
corolla size (e.g., Strauss et al. 1996; Lehtilä and
Strauss 1999), and Xowering time (Frazee and Marquis
1994). It is known that Xoral herbivory can have direct
and indirect eVects on plant reproductive success
(Strauss 1997; Krupnick et al. 1999; Mothershead and
Marquis 2000; Kelly and Dyer 2002). On the one hand,
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(Apidae, Hymenoptera) and Rachiplusia virgula (Noc-
tuidae, Lepidoptera). All of these larvae damage petals
and Xower buds, often causing Xowers to abort prior to
full seed development.

Flower herbivory and pollen limitation

To quantify the importance of the hummingbird
O. leucopleurus relative to insect pollinators, we
recorded the Xower visitors over a total of 42 h of
observation distributed between 8:00 and 20:00 h dur-
ing four consecutive days in the Wrst week of Febru-
ary 2002. The pollinator assemblage did not change
during the Xowering season of M. luteus (mid-January
to end of February), which suggests that our four-day
observation period did not underestimate pollination
visits. Visitation rates were calculated as the number
of visits per Xower per hour. To quantify the extent of
natural Xower herbivory, on 29th January 2002 we
tagged 200 Xower buds, one bud per plant, and
checked damage daily until withering. The number of
damaged petals and the location of damage (upper,
lateral or lower petal) were also recorded. Digital
photographs of all monitored Xowers were taken and
their corolla and nectar guide size measured for sub-
sequent inclusion as covariates in statistical analyses.
Flower measurements were performed in UTHSCSA
Image tool for Windows v. 2.0 (Wilcox et al. 2000).
The necessity of pollinators for reproduction was esti-
mated from the following crossing treatments: (1)
spontaneous self-pollination, by bagging individual
Xower buds; (2) artiWcial self-pollination, with stigmas
manually saturated with pollen from the same Xower;
(3) artiWcial cross-pollination, with stigmas manually
saturated with pollen from plants 5 m distant from the
focal Xower. Each treatment consisted of 20 Xowers
from diVerent plants. All capsules were collected 23–
26 days after anthesis and carried to the laboratory
for seed counting.

Experimental procedure

On 3rd February 2002, in the middle of the Xowering
season of M. luteus, we set up a Weld experiment in a
two-way factorial design to dissect the eVects of Xower
damage, hummingbird pollination, and their interac-
tion on the reproductive success of M. luteus. The eVect
of Xoral damage on the seed set was evaluated on a
per-Xower basis by clipping lower petals with circular
0.28 cm2 perforations (Fig. 1). Because corollas show-
ing deviations from symmetry may suVer reduced
Xower visitation and female reproductive success (e.g.,
Møller 1995; Møller and Eriksson 1995; but see
Siikamäki et al. 2002; Botto-Mahan et al. 2004), clip-
pings were performed at the geometric center of the
lower petal. The eVect of hummingbird pollination was
evaluated by precluding bird access to Xowers within
exclosures, while exposing another set of Xowers to
complete pollination by insects and hummingbirds.
Exclosures consisted of closed-topped rigid polyethyl-
ene cylinders 100 cm in height and 30 cm in diameter
made of 6.25 cm2 dark green mesh, which allowed
insects free access to enclosed Xowers. We randomly
assigned 200 Xowers from diVerent plants to one of
the following four treatments: (1) damaged Xowers
and hummingbirds excluded; (2) damaged Xowers and
hummingbirds present; (3) undamaged Xowers and
hummingbird excluded, and; (4) undamaged Xowers
and hummingbirds present (natural situation). Only
Wrst-day Xowers were used at the beginning of each
experiment. During the season, most plants presented
only one open Xower at a time. This prevented us from
replicating Xowers per plant without disturbing pollina-
tors. Consequently, all subsequent analyses are on a
per-Xower basis. To avoid a confounding eVect of natu-
ral herbivory on Xowers, we checked for the presence
or absence of herbivory on petals daily. Capsules were
collected 23–26 days after experiment initiation, and
seeds were counted in the laboratory.

Fig. 1 Flower of Mimulus 
luteus, illustrating a corolla 
before (left) and after (right) 
experimental clipping of the 
lower petal. Photograph by 
R. Medel
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Abstract Flower herbivory and pollination have been
described as interactive processes that inXuence each
other in their eVects on plant reproductive success.
Few studies, however, have so far examined their joint
eVects in natural populations. In this paper we evaluate
the inXuence of Xower damage and pollination by the
hummingbird Oreotrochilus leucopleurus on the fecun-
dity of the Andean monkey Xower Mimulus luteus. We
performed a 2£2 factorial experiment, with artiWcial
clipping of lower petals and selective exclusion of the
hummingbird as main factors. In spite of the relatively
low proportion (27.5%) of the variance in seed produc-
tion accounted for by the full factorial model, artiWcial
damage and hummingbird exclusion, as well as their
interaction, were highly signiWcant, indicating nonaddi-
tive eVects of factors on plant fecundity. In the pres-
ence of hummingbirds, undamaged Xowers had a seed
production that was 1.7-fold higher than for damaged
Xowers, suggesting that the eVect of Xower damage on
female reproductive success occurs probably as a con-
sequence of hummingbird discrimination against dam-
aged corollas. This result indicates that the impact of
Xower herbivory on plant fecundity was contingent on

the presence or absence of hummingbirds, suggesting
that pollinators may indirectly select for undamaged
and probably resistant Xower phenotypes. A second
interaction eVect revealed that undamaged Xowers
produced 78.5% more seeds in the absence of rather
than in the presence of O. leucopleurus, raising the
question of the ecological mechanism involved. We
suggest that the strong territorial behavior exhibited by
the bee Centris nigerrima may conWne the foraging
activities of the remaining bee species to safe sites
within exclosures. Overall, our results provide evi-
dence that hummingbird pollination and Xower herbiv-
ory have interdependent eVects on M. luteus fecundity,
which indicates that it will be diYcult to predict their
ecological and evolutionary consequences unless inter-
actions are analyzed in an integrated form.
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corolla size (e.g., Strauss et al. 1996; Lehtilä and
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(Apidae, Hymenoptera) and Rachiplusia virgula (Noc-
tuidae, Lepidoptera). All of these larvae damage petals
and Xower buds, often causing Xowers to abort prior to
full seed development.

Flower herbivory and pollen limitation

To quantify the importance of the hummingbird
O. leucopleurus relative to insect pollinators, we
recorded the Xower visitors over a total of 42 h of
observation distributed between 8:00 and 20:00 h dur-
ing four consecutive days in the Wrst week of Febru-
ary 2002. The pollinator assemblage did not change
during the Xowering season of M. luteus (mid-January
to end of February), which suggests that our four-day
observation period did not underestimate pollination
visits. Visitation rates were calculated as the number
of visits per Xower per hour. To quantify the extent of
natural Xower herbivory, on 29th January 2002 we
tagged 200 Xower buds, one bud per plant, and
checked damage daily until withering. The number of
damaged petals and the location of damage (upper,
lateral or lower petal) were also recorded. Digital
photographs of all monitored Xowers were taken and
their corolla and nectar guide size measured for sub-
sequent inclusion as covariates in statistical analyses.
Flower measurements were performed in UTHSCSA
Image tool for Windows v. 2.0 (Wilcox et al. 2000).
The necessity of pollinators for reproduction was esti-
mated from the following crossing treatments: (1)
spontaneous self-pollination, by bagging individual
Xower buds; (2) artiWcial self-pollination, with stigmas
manually saturated with pollen from the same Xower;
(3) artiWcial cross-pollination, with stigmas manually
saturated with pollen from plants 5 m distant from the
focal Xower. Each treatment consisted of 20 Xowers
from diVerent plants. All capsules were collected 23–
26 days after anthesis and carried to the laboratory
for seed counting.

Experimental procedure

On 3rd February 2002, in the middle of the Xowering
season of M. luteus, we set up a Weld experiment in a
two-way factorial design to dissect the eVects of Xower
damage, hummingbird pollination, and their interac-
tion on the reproductive success of M. luteus. The eVect
of Xoral damage on the seed set was evaluated on a
per-Xower basis by clipping lower petals with circular
0.28 cm2 perforations (Fig. 1). Because corollas show-
ing deviations from symmetry may suVer reduced
Xower visitation and female reproductive success (e.g.,
Møller 1995; Møller and Eriksson 1995; but see
Siikamäki et al. 2002; Botto-Mahan et al. 2004), clip-
pings were performed at the geometric center of the
lower petal. The eVect of hummingbird pollination was
evaluated by precluding bird access to Xowers within
exclosures, while exposing another set of Xowers to
complete pollination by insects and hummingbirds.
Exclosures consisted of closed-topped rigid polyethyl-
ene cylinders 100 cm in height and 30 cm in diameter
made of 6.25 cm2 dark green mesh, which allowed
insects free access to enclosed Xowers. We randomly
assigned 200 Xowers from diVerent plants to one of
the following four treatments: (1) damaged Xowers
and hummingbirds excluded; (2) damaged Xowers and
hummingbirds present; (3) undamaged Xowers and
hummingbird excluded, and; (4) undamaged Xowers
and hummingbirds present (natural situation). Only
Wrst-day Xowers were used at the beginning of each
experiment. During the season, most plants presented
only one open Xower at a time. This prevented us from
replicating Xowers per plant without disturbing pollina-
tors. Consequently, all subsequent analyses are on a
per-Xower basis. To avoid a confounding eVect of natu-
ral herbivory on Xowers, we checked for the presence
or absence of herbivory on petals daily. Capsules were
collected 23–26 days after experiment initiation, and
seeds were counted in the laboratory.
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Abstract Flower herbivory and pollination have been
described as interactive processes that inXuence each
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Few studies, however, have so far examined their joint
eVects in natural populations. In this paper we evaluate
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clipping of lower petals and selective exclusion of the
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low proportion (27.5%) of the variance in seed produc-
tion accounted for by the full factorial model, artiWcial
damage and hummingbird exclusion, as well as their
interaction, were highly signiWcant, indicating nonaddi-
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ence of hummingbirds, undamaged Xowers had a seed
production that was 1.7-fold higher than for damaged
Xowers, suggesting that the eVect of Xower damage on
female reproductive success occurs probably as a con-
sequence of hummingbird discrimination against dam-
aged corollas. This result indicates that the impact of
Xower herbivory on plant fecundity was contingent on

the presence or absence of hummingbirds, suggesting
that pollinators may indirectly select for undamaged
and probably resistant Xower phenotypes. A second
interaction eVect revealed that undamaged Xowers
produced 78.5% more seeds in the absence of rather
than in the presence of O. leucopleurus, raising the
question of the ecological mechanism involved. We
suggest that the strong territorial behavior exhibited by
the bee Centris nigerrima may conWne the foraging
activities of the remaining bee species to safe sites
within exclosures. Overall, our results provide evi-
dence that hummingbird pollination and Xower herbiv-
ory have interdependent eVects on M. luteus fecundity,
which indicates that it will be diYcult to predict their
ecological and evolutionary consequences unless inter-
actions are analyzed in an integrated form.
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(Apidae, Hymenoptera) and Rachiplusia virgula (Noc-
tuidae, Lepidoptera). All of these larvae damage petals
and Xower buds, often causing Xowers to abort prior to
full seed development.

Flower herbivory and pollen limitation

To quantify the importance of the hummingbird
O. leucopleurus relative to insect pollinators, we
recorded the Xower visitors over a total of 42 h of
observation distributed between 8:00 and 20:00 h dur-
ing four consecutive days in the Wrst week of Febru-
ary 2002. The pollinator assemblage did not change
during the Xowering season of M. luteus (mid-January
to end of February), which suggests that our four-day
observation period did not underestimate pollination
visits. Visitation rates were calculated as the number
of visits per Xower per hour. To quantify the extent of
natural Xower herbivory, on 29th January 2002 we
tagged 200 Xower buds, one bud per plant, and
checked damage daily until withering. The number of
damaged petals and the location of damage (upper,
lateral or lower petal) were also recorded. Digital
photographs of all monitored Xowers were taken and
their corolla and nectar guide size measured for sub-
sequent inclusion as covariates in statistical analyses.
Flower measurements were performed in UTHSCSA
Image tool for Windows v. 2.0 (Wilcox et al. 2000).
The necessity of pollinators for reproduction was esti-
mated from the following crossing treatments: (1)
spontaneous self-pollination, by bagging individual
Xower buds; (2) artiWcial self-pollination, with stigmas
manually saturated with pollen from the same Xower;
(3) artiWcial cross-pollination, with stigmas manually
saturated with pollen from plants 5 m distant from the
focal Xower. Each treatment consisted of 20 Xowers
from diVerent plants. All capsules were collected 23–
26 days after anthesis and carried to the laboratory
for seed counting.

Experimental procedure

On 3rd February 2002, in the middle of the Xowering
season of M. luteus, we set up a Weld experiment in a
two-way factorial design to dissect the eVects of Xower
damage, hummingbird pollination, and their interac-
tion on the reproductive success of M. luteus. The eVect
of Xoral damage on the seed set was evaluated on a
per-Xower basis by clipping lower petals with circular
0.28 cm2 perforations (Fig. 1). Because corollas show-
ing deviations from symmetry may suVer reduced
Xower visitation and female reproductive success (e.g.,
Møller 1995; Møller and Eriksson 1995; but see
Siikamäki et al. 2002; Botto-Mahan et al. 2004), clip-
pings were performed at the geometric center of the
lower petal. The eVect of hummingbird pollination was
evaluated by precluding bird access to Xowers within
exclosures, while exposing another set of Xowers to
complete pollination by insects and hummingbirds.
Exclosures consisted of closed-topped rigid polyethyl-
ene cylinders 100 cm in height and 30 cm in diameter
made of 6.25 cm2 dark green mesh, which allowed
insects free access to enclosed Xowers. We randomly
assigned 200 Xowers from diVerent plants to one of
the following four treatments: (1) damaged Xowers
and hummingbirds excluded; (2) damaged Xowers and
hummingbirds present; (3) undamaged Xowers and
hummingbird excluded, and; (4) undamaged Xowers
and hummingbirds present (natural situation). Only
Wrst-day Xowers were used at the beginning of each
experiment. During the season, most plants presented
only one open Xower at a time. This prevented us from
replicating Xowers per plant without disturbing pollina-
tors. Consequently, all subsequent analyses are on a
per-Xower basis. To avoid a confounding eVect of natu-
ral herbivory on Xowers, we checked for the presence
or absence of herbivory on petals daily. Capsules were
collected 23–26 days after experiment initiation, and
seeds were counted in the laboratory.
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(Apidae, Hymenoptera) and Rachiplusia virgula (Noc-
tuidae, Lepidoptera). All of these larvae damage petals
and Xower buds, often causing Xowers to abort prior to
full seed development.

Flower herbivory and pollen limitation

To quantify the importance of the hummingbird
O. leucopleurus relative to insect pollinators, we
recorded the Xower visitors over a total of 42 h of
observation distributed between 8:00 and 20:00 h dur-
ing four consecutive days in the Wrst week of Febru-
ary 2002. The pollinator assemblage did not change
during the Xowering season of M. luteus (mid-January
to end of February), which suggests that our four-day
observation period did not underestimate pollination
visits. Visitation rates were calculated as the number
of visits per Xower per hour. To quantify the extent of
natural Xower herbivory, on 29th January 2002 we
tagged 200 Xower buds, one bud per plant, and
checked damage daily until withering. The number of
damaged petals and the location of damage (upper,
lateral or lower petal) were also recorded. Digital
photographs of all monitored Xowers were taken and
their corolla and nectar guide size measured for sub-
sequent inclusion as covariates in statistical analyses.
Flower measurements were performed in UTHSCSA
Image tool for Windows v. 2.0 (Wilcox et al. 2000).
The necessity of pollinators for reproduction was esti-
mated from the following crossing treatments: (1)
spontaneous self-pollination, by bagging individual
Xower buds; (2) artiWcial self-pollination, with stigmas
manually saturated with pollen from the same Xower;
(3) artiWcial cross-pollination, with stigmas manually
saturated with pollen from plants 5 m distant from the
focal Xower. Each treatment consisted of 20 Xowers
from diVerent plants. All capsules were collected 23–
26 days after anthesis and carried to the laboratory
for seed counting.

Experimental procedure

On 3rd February 2002, in the middle of the Xowering
season of M. luteus, we set up a Weld experiment in a
two-way factorial design to dissect the eVects of Xower
damage, hummingbird pollination, and their interac-
tion on the reproductive success of M. luteus. The eVect
of Xoral damage on the seed set was evaluated on a
per-Xower basis by clipping lower petals with circular
0.28 cm2 perforations (Fig. 1). Because corollas show-
ing deviations from symmetry may suVer reduced
Xower visitation and female reproductive success (e.g.,
Møller 1995; Møller and Eriksson 1995; but see
Siikamäki et al. 2002; Botto-Mahan et al. 2004), clip-
pings were performed at the geometric center of the
lower petal. The eVect of hummingbird pollination was
evaluated by precluding bird access to Xowers within
exclosures, while exposing another set of Xowers to
complete pollination by insects and hummingbirds.
Exclosures consisted of closed-topped rigid polyethyl-
ene cylinders 100 cm in height and 30 cm in diameter
made of 6.25 cm2 dark green mesh, which allowed
insects free access to enclosed Xowers. We randomly
assigned 200 Xowers from diVerent plants to one of
the following four treatments: (1) damaged Xowers
and hummingbirds excluded; (2) damaged Xowers and
hummingbirds present; (3) undamaged Xowers and
hummingbird excluded, and; (4) undamaged Xowers
and hummingbirds present (natural situation). Only
Wrst-day Xowers were used at the beginning of each
experiment. During the season, most plants presented
only one open Xower at a time. This prevented us from
replicating Xowers per plant without disturbing pollina-
tors. Consequently, all subsequent analyses are on a
per-Xower basis. To avoid a confounding eVect of natu-
ral herbivory on Xowers, we checked for the presence
or absence of herbivory on petals daily. Capsules were
collected 23–26 days after experiment initiation, and
seeds were counted in the laboratory.

Fig. 1 Flower of Mimulus 
luteus, illustrating a corolla 
before (left) and after (right) 
experimental clipping of the 
lower petal. Photograph by 
R. Medel
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bir ds were present. In the absence of the hummingbird,
however, Xoral damage was irrelevant for seed produc-
tion. These results suggest that O. leucopleurus
reduced Xower visitation when faced with corollas
damaged in the lower petal. Similarly, hummingbirds
were important for seed production in the presence
of damage. Interestingly, damaged Xowers exposed
to hummingbirds had a signiWcant 71.6% reduction
in seed production in comparison to damaged Xow-
ers with hummingbirds excluded (Fig. 3). Finally,
undamaged Xowers in the presence of the humming-
bird exhibited borderline signiWcantly higher seed
production than in their absence, conWrming that
O. leucopleurus was an important pollen vector for
M. luteus.

Discussion

Even though natural Xower herbivory as a whole had
no signiWcant eVect on the seed production of M.
luteus, Xowers damaged on the lower petal produced
fewer seeds than Xowers damaged in other petals.
These results suggest that the location of damage may
be a critical factor for plant reproductive success, espe-
cially if damage alters the signal that is sensed by poll-
inators (see review in Schaefer et al. 2004). Avoidance
of damaged Xowers has been reported in a wide range
of pollinator species, including bats (e.g., Cunningham
1995), butterXies (e.g., Murawski 1987), bees (e.g., Kar-
ban and Strauss 1993; Strauss et al. 1996; Krupnick

et al. 1999), Xies (e.g., Lohman 1996; Strauss et al.
1996), and hummingbirds (e.g., Gass and Montgomerie
1981; Krupnick et al. 1999; Canela and Sazima 2003).
Because experimental clipping was performed on the
petal that bears the nectar guide, it is quite possible
that hummingbirds do not evaluate only Xower herbiv-
ory but also nectar guide damage, especially if guides
represent honest signals for pollen or nectar reward
(see reviews in Waser 1983; Waser and Price 1985). For
instance, our correlative results indicate that natural
herbivory in the lower petal signiWcantly reduced seed
production in comparison to herbivory in other petals,
which suggests that nectar guide damage inXuences the
Wnal decision made by hummingbirds in their foraging
activities. However, traits that attract pollinators might
at the same time attract other animals that destruc-
tively feed on Xowers. For example, trait-mediated
conXicts have been previously described in pollination–
seed predation (e.g., Silander 1978; Brody 1992) and
herbivory–pollination (e.g., Galen and Cuba 2001;
Leege and Wolfe 2002; Irwin et al. 2003) relationships.
In this study, the presence of Xower herbivory did not
show a signiWcant functional relationship either with
corolla or nectar guide size, which suggests that polli-
nation and herbivory probably do not conXict on the
basis of Xoral characters in this species.

Results from the factorial experiment revealed that
the inXuence of Xower damage and hummingbird polli-
nation on the fecundity of M. luteus was contingent on
the presence or absence of each other. For instance,
the presence of hummingbirds had only a borderline
positive inXuence on seed production (P=0.066) in the
absence of experimental herbivory. Damage, in turn,
had a negative eVect on seed production only in the

Table 1 (a) Two-way ANOVA for the eVects of damage (dam-
aged or undamaged) and hummingbird (present or excluded) on
seed production. Data were transformed as log(seed production
+1) to meet the assumptions of ANOVA. (b) Summary of inter-
action slices for the eVects of hummingbirds and Xower damage
on seed production in M. luteus

For each classiWcation variable, slices perform a simultaneous
comparison among all of the levels within the second classiWca-
tion variable. See Fig. 3 for a graphical representation

Source df MS F P

(a) ANOVA results
Damage (D) 1 12.15 21.53 <0.001
Hummingbird (H) 1 7.25 12.84 <0.001
D £ H 1 17.03 30.18 <0.001
Residual 174 0.56 – –

Source df SS F P

(b) Interaction slices
Damage, hummingbirds present 1, 174 32.52 62.76 <0.001
Damage, hummingbirds excluded 1, 174 0.20 0.38 0.538
Hummingbird, damage present 1, 174 20.27 39.13 <0.001
Hummingbird, damage absent 1, 174 1.77 3.42 0.066

Fig. 3 Interaction graph for the eVects of hummingbird exclusion
and artiWcial Xower damage on the mean seed production of Mi-
mulus luteus. Circles indicate mean seed production (§1SE) with
Xower damage (closed circles) or Xower undamaged (open circles)

Nonadditive eVects of Xower damage and hummingbird 
pollination on the fecundity of Mimulus luteus
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Rodrigo Medel 

Abstract Flower herbivory and pollination have been
described as interactive processes that inXuence each
other in their eVects on plant reproductive success.
Few studies, however, have so far examined their joint
eVects in natural populations. In this paper we evaluate
the inXuence of Xower damage and pollination by the
hummingbird Oreotrochilus leucopleurus on the fecun-
dity of the Andean monkey Xower Mimulus luteus. We
performed a 2£2 factorial experiment, with artiWcial
clipping of lower petals and selective exclusion of the
hummingbird as main factors. In spite of the relatively
low proportion (27.5%) of the variance in seed produc-
tion accounted for by the full factorial model, artiWcial
damage and hummingbird exclusion, as well as their
interaction, were highly signiWcant, indicating nonaddi-
tive eVects of factors on plant fecundity. In the pres-
ence of hummingbirds, undamaged Xowers had a seed
production that was 1.7-fold higher than for damaged
Xowers, suggesting that the eVect of Xower damage on
female reproductive success occurs probably as a con-
sequence of hummingbird discrimination against dam-
aged corollas. This result indicates that the impact of
Xower herbivory on plant fecundity was contingent on

the presence or absence of hummingbirds, suggesting
that pollinators may indirectly select for undamaged
and probably resistant Xower phenotypes. A second
interaction eVect revealed that undamaged Xowers
produced 78.5% more seeds in the absence of rather
than in the presence of O. leucopleurus, raising the
question of the ecological mechanism involved. We
suggest that the strong territorial behavior exhibited by
the bee Centris nigerrima may conWne the foraging
activities of the remaining bee species to safe sites
within exclosures. Overall, our results provide evi-
dence that hummingbird pollination and Xower herbiv-
ory have interdependent eVects on M. luteus fecundity,
which indicates that it will be diYcult to predict their
ecological and evolutionary consequences unless inter-
actions are analyzed in an integrated form.

Keywords Chile · Andes mountain range · 
Oreotrochilus leucopleurus · Nectar guide · Flower 
herbivory

Introduction

The relationship between herbivory and pollination
has increasingly attracted the attention of ecologists
because herbivores often modify characters involved in
pollination attraction, such as the number of Xowers
(e.g., Karban and Strauss 1993; Quesada et al. 1995),
corolla size (e.g., Strauss et al. 1996; Lehtilä and
Strauss 1999), and Xowering time (Frazee and Marquis
1994). It is known that Xoral herbivory can have direct
and indirect eVects on plant reproductive success
(Strauss 1997; Krupnick et al. 1999; Mothershead and
Marquis 2000; Kelly and Dyer 2002). On the one hand,

N. Pohl
Department of Ecology and Evolutionary Biology, 
321 Steinhaus Hall, University of California, Irvine, 
CA 92697-2525, USA

G. Carvallo · C. Botto-Mahan · R. Medel (&)
Departamento de Ciencias Ecológicas, Facultad de Ciencias, 
Universidad de Chile, Casilla 653, Santiago, Chile
e-mail: rmedel@uchile.cl

Intact Petals
Damaged Petals

Excluded Present

S
ee

ds
 p

ro
du

ce
d 

Hummingbirds

Intact Petals
Damaged Petals

Hummingbirds

Excluded Present
Hummingbirds

Intact Damaged
Petals

No Hummingbirds

S
ee

ds
 p

ro
du

ce
d 

Intact Damaged
Petals

Hummingbirds
No Hummingbirds

S
ee

ds
 p

ro
du

ce
d 

S
ee

ds
 p

ro
du

ce
d 




