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ABSTRACT 

The coevolution between plants and pollinators has driven great diversity and 
reproductive success in flowering plants. Within the hummingbird-flower dynamic, the 
foraging behavior of hummingbirds is affected by many variables, such as color cues and 
toxicity level in the nectar. This study used artificial flowers to mimic Nicotiana glauca 
(tree tobacco) and Epilobium canum (California fuchsia) in order to examine the effect of 
flower color and nectar type on the behavior of Calypte anna (Anna’s hummingbird) in 
terms of their initial flower preference and time spent at each flower. Hummingbirds do 
not prefer color, and nectar toxicity had no effect on the length of time hummingbirds 
spent at the flower, but potential spatial preference is suggested. Our findings shed light 
on the complexities of plant-pollinator interactions and motivate future studies on the 
direction of plant-pollinator coevolution. 
 
Keywords: plant-pollination relationship, pollination syndrome, Anna’s hummingbirds, 
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INTRODUCTION  

The coevolution between plants and 
pollinators has driven distinct morphological 
changes on both ends, particularly in 
specialized pollinating systems. Due to the 
immobile nature of plants, pollinators are 
thought to be a major driver of natural 
selection in flowering plants (Lewis 1993). 
Pollination syndrome is the process 
flowering plants experience changes in 
morphology, phenology, and physiology to 
better adapt to its pollinator counterpart 
and exclude outside competitors (Rodríguez-
Flores et al. 2019). For example, flowering 
plants can specialize notably in their flower 

shape, color, nectar type, nectar amount and 
more, which further drive the changes in 
pollinators, including size, behavior, and 
morphology (Fründ et al. 2010). The plant-
pollinator specialization allows for the great 
diversity and great reproductive success in 
flowering plants (Lewis 1993). 

One prevalent example of a plant-
pollinator specialization is found between 
the hummingbirds and the hummingbird-
specialist plants (Rodríguez-Flores et al. 
2019). There are many key characteristics 
that plants exhibit under the influence of 
hummingbird-driven pollination syndrome, 
such as red color, tubular shape, and lack of 
landing platform. The long, tubular shape 
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and the lack of landing platform makes it 
difficult for most pollinators to access the 
nectar inside the flower but hummingbirds 
(Guzman and Wilson 2012). While red is not 
a part of the visible color spectrum for most 
pollinators, hummingbirds can see a similar 
change of colors as humans which includes 
red. This results in most hummingbird-
specialist plants having a red inflorescence 
(Meléndez-Ackerman 1997). Because red 
flowers are not frequented by other nectar-
consumers, they are often correlated with a 
higher volume of nectar. Hummingbirds 
have been described as having a hierarchical 
preference for flower color, with red coming 
first and most other colors trailing behind 
(Meléndez-Ackerman 1997). However, other 
research has further found that when nectar 
rewards are equal, hummingbirds learned to 
drink from all flowers regardless of their 
colors and depend on spatial memory to 
locate flowers that were not emptied 
previously (Hurly and Healy 1996). The 
impact of color cues on hummingbirds’ 
preference when spatial cues are removed is 
not well understood. 

Although highly rewarding from the 
reproductive success brought by 
hummingbirds, hummingbird-specialist 
plants face the trade-off of energy-intensive 
production of large amounts of nectar in 
order to keep up with the high metabolism 
of hummingbirds (Suarez and Gass 2002). 
Having plentiful nectar would increase the 
frequency of hummingbirds, the long-lived 
and territorial pollinator. However, nectar is 
an expensive resource to produce and can 
come at a cost of other flower functions 
(Pearson 1954). To balance between the 
energy consumption of nectar production 
and reproductive success, hummingbird-
specialist plants have developed many 
strategies. For example, some flowers only 

stay open for certain periods of the day, 
while others open a few flowers at a time, 
both ensuring that hummingbirds don’t 
distribute pollen within one plant in order to 
increase the genetic differences of the plant 
species (Kessler et al. 2012). Producing a 
toxic nectar is another strategy used by 
some hummingbird-specialist plants so that 
hummingbirds can only drink in small 
quantities during each visit (Kessler and 
Baldwin 2007). One theory behind the 
toxicity in nectar relies on the idea that 
hummingbirds will spend less time at one 
plant but will frequent more plants with 
longer distances in between (Kessler et al. 
2012). Other theories propose different 
reasons for the toxicity. The toxin nectar 
might be a by-product of toxicity in plant 
tissues developed to repel plant herbivory; it 
is also theorized that the toxin level in the 
nectar is higher than the toxin tolerance of 
nectar robbers who damage the flower to 
reach nectar in order to avoid the long, 
tubular flower (Kessler and Baldwin 2007). 

Nicotiana glauca (tree tobacco) is a 
nonnative hummingbird-specialist plant that 
produces toxicity in nectar. It is native to 
South America, invasive in California, and 
relies on California-native hummingbirds for 
its reproductive success (Ollerton et al. 
2012). N. glauca have yellow flowers and 
toxic nectar, yet they share the 
characteristics of tube-like flowers and lack 
of landing platform with other 
hummingbird-specialist plants (Issaly et al. 
2020). Sharing the same range across 
California, Epilobium canum (California 
fuchsia) is a California native hummingbird-
specialist plant that produces red, tubular 
flowers. In contrast to N. glauca, E. canum 
produces a sucrose-based nectar mixed with 
amino acids that provides enough essential 
nutrients for the hummingbird throughout 
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the day in exchange for their abundant 
pollination services through late summer 
and fall (Boose 1997). While N. glauca and E. 
canum differ in color and nectar toxicity, 
they are both reproductively successful in 
their shared environment, which can 
potentially give insights on the complex 
relationship between hummingbirds and 
plants. 

Our study aims to explore the effects of 
flower color and nectar type on the behavior 
of hummingbirds in terms of (1) their 
preference when choosing a flower and (2) 
the length of time they spend at a flower. 
Red hummingbird-specialist plants are 
associated with high nectar rewards, so we 
hypothesize that hummingbirds will have an 
initial preference for red flowers. The null 
hypothesis of their initial preference is that 
hummingbirds do not favor any flower color 
and use spatial cues to choose their food 
source as mentioned in previous research 
(Hurly and Healy 1996). One theory for 
toxicity in nectar is that hummingbirds drink 
in smaller amounts and distribute the pollen 
further, so we hypothesized that both 
hummingbird visits will be shorter at flowers 
that carry toxic nectars and decrease as the 
toxicity increases. 

METHODS 

We conducted our study at Sedgwick 
Reserve from November 1–November 3, 
2021. Sedgwick reserve is located in Santa 
Ynez Valley in Santa Barbara County, 
California. The reserve consists mostly of oak 
savanna and contains a diverse array of 
flowering plants, shrubs, and trees. The two 
types of hummingbird-specialist plants that 
grow in Sedgwick reserve: the red, non-toxic, 
native E. canum and the yellow, toxic, 
invasive N. glauca were chosen to be the 

flower model of the study. Caplyte anna is a 
local hummingbird species that have shifted 
their migratory behavior to overwinter at 
the northern limits of their range as they 
learn to feed from introduced plants and 
artificial feeders (Greig 2017). The 
combination of sufficient food source and 
the moderate climate serves as a great 
habitat for Caplyte anna (Anna’s 
hummingbird) to be active during our 
observation period in early November. Our 
study plot was set up in the garden of Kate 
McCurdy, the Reserve Director. The garden 
has flowering E. canum where regular C. 
anna visits were observed. 

We constructed 15 yellow and 15 red 
artificial flowers using a 30 cm wooden 
dowel for the stem, a piece of a 5-mL plastic 
pipette to hold the nectar, and colored duct 
tape for the petals (Fig. 1). Red and yellow 
were chosen to mimic the coloration in E. 
canum and N. glauca; and pipette tubes 
were used to mimic the tubular shape of the 
hummingbird-specialist flowers. The petal 
was made of red or yellow duct tape that 
was cut into a circle with a 2 cm diameter 
with a 1.3 cm diameter hole in the middle 
that allowed for the tip of the pipette to rest 
in. The bottom of the pipette was glued to 
the tip of the dowel at a 30-degree angle 
then wrapped in the colored duct tape for 
durability and to avoid leakage. The artificial 
flowers were about 34.3 cm tall. 

To make artificial nectars with traits of 
each flower species, we wrapped the flower 
part of some E. canum and N. glauca in 
fiberglass mesh and collected them in the 
second morning to ensure that nectar had 
accumulated in the flowers. We created 3 
different nectar types: sugar water, sugar 
water mixed with E. canum, and sugar water 
mixed with N. glauca. The sugar water was 
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Figure 1. Thirty artificial tubular flowers in two 
colors and three nectar types set up in a 3×10 plot. 
15 yellow and 15 red artificial flowers were 
constructed to mimic the coloration in E. canum and 
N. glauca. Five of each colored flowers were filled 
with one of the three nectar types: sugar water mixed 
with E. canum, sugar water mixed with N. glauca, and 
sugar water as control. The location of the flowers in 
the 3×10 plot was randomized every day. 

made with a 1:5 sugar to water ratio in 
volume. To create the E. canum sugar water 
solution, we brought 410 ml of sugar water 
to a boil, removed it from the heat source, 
stirred in six Epilobium flowers, and waited 
10 minutes before removing the flowers. To 
create the N. glauca sugar water solution, 
the number of flowers added into the 
solution was gradually increased over the 3-
day period. The lowest concentration used 
on day 1 was three N. glauca flowers and 
was made using the same process as the E. 
canum treatment with 410 ml of sugar 
water. This was replicated using four and ten 
N. glauca flowers for day 2 and day 3 
respectively. 

We randomized which flowers received 
each nectar type, ensuring that five yellow 
flowers and five red flowers in total received 
each nectar type. The pipette tube is filled to 
half as a standardized volume. We then set 
up a 0.37 m × 0.81 m flower plot with three 
columns and ten rows. We randomized the 

location of each flower within the plot every 
morning before the start of the observation 
period. The observation started at 07:00 and 
ended around 18:00 when the sun set each 
day. At 13:00 on day 2 and day 3, we 
replaced the N. glauca nectar with the next 
higher N. glauca concentration. Besides the 
replacement of N. glauca nectar, we also 
refilled all the flowers with their 
corresponding nectars at 07:00 and 13:00. 

During each hummingbird visit at the plot, 
the order of flowers the hummingbirds 
drank from, and the length of time spent at 
each flower were recorded. If a 
hummingbird momentarily lifted its head, 
then continued to drink from the same 
flower, we considered it one continuous 
drinking period. If a hummingbird left the 
plot momentarily and came back, we 
counted it as a new visit to the plot. 

Statistical analyses were conducted using 
JMP Statistical Software version 16.1.0 and 
RStudio version 1.3.1073. We ran a t-test to 
look at how flower color affected the 
number of hummingbird visits. To analyze 
the effects of different nectar types and the 
increasing concentration of N. glauca, two 
one-way ANOVA tests were conducted with 
the length of hummingbird visits as the 
dependent variable. In RStudio, package 
“ggplot” was used to generate a heatmap of 
hummingbird visits on flowers during the 
three-day observation period. 

RESULTS 

In total, 106 hummingbird visits at the plot 
were recorded and they drank from artificial 
flowers 223 times. All the hummingbirds 
observed were C. anna females, and no 
more than two hummingbirds were 
observed at the same time, suggesting not a 
lot of hummingbirds share this territory.  
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Among all flowers that hummingbirds 
drank from over the three days, there is also 
no impact of flower color on hummingbirds’ 
initial preference of their visits (N = 223, t = -
1.41, P = 0.16; Fig. 2). Hummingbirds also did 
not show a preference for red or yellow 
coloration looking at the first flower they 
drank from during one visit alone (N = 69, 
chi-square=1.23, P=0.266). 

Figure 2. T-test of the effects of flower color on the 
number of visits by C. anna. A t-test was conducted 
on JMP version 16. The tests showed that over the 
three days, flower color had no effect on the number 
of visits by C. anna per flower per hour (N = 223, t = -
1.41, P = 0.16). Red bar showed the number of visits 
to red flowers, and yellow bars showed the number 
of visits to yellow flowers. The x-axis showed two 
different colors, and the y-axis is the mean number of 
visits by C. anna per flower per hour over the three 
days. 

The length of time hummingbirds spent at 
each flower was not affected by nectar type 
(N = 223, F = 1.46, P = 0.24; Fig. 3). Looking 
at just the artificial flowers with N. glauca 
nectar, we found that the increasing 
concentration of N. glauca in the nectar did 
not have an impact on the length of visit at 
each flower (N = 146, F = 2.93, P = 0.06;  
Fig. 4). 

Figure 3. One-way ANOVA of the effects of nectar 
type on the length of visits by C. anna. A one-way 
ANOVA test was conducted on JMP version 16. The 
tests showed that over the three days, C. anna did not 
have a preference to stay longer at any specific nectar 
type (N = 223, F = 1.46, P = 0.24). Red bars, yellow bars 
and grey bars refer to flowers with E. canum nectar 
solution, N. glauca nectar solution, and sugar water 
solution respectively. The x-axis showed three 
different nectar types, and the y-axis is the mean 
length of visits by C. anna over the three days. 

Figure 4. One-way ANOVA of the effects of 
increasing N. glauca concentration on the length of 
visits by C. anna. A one-way ANOVA test was 
conducted on JMP version 16. The test showed that 
as the N. glauca concentration in the nectar solution 
increased, the average length of visits by C. anna was 
not impacted (N = 146, F = 2.93, P = 0.06). The x-axis 
shows the increasing number of N. glauca flowers 
added to make the nectar solution, and the y-axis is 
the average length of visits by C. anna. 
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The heatmap of hummingbird visits 
showed that hummingbirds visited the last 
five flowers on the third row most often 
regardless of how we randomized the flower 
color and nectar type at different locations 
each day (Fig. 5). 

Figure 5. The heatmap of hummingbird visits 
showed that hummingbirds potentially have spatial 
preference. Package “ggplot” was used in RStudio 
version 1.3.1073. The heat map showed a possible 
preference of C. anna visits on the third row from 
column 5 to column 10. 

DISCUSSION 

When looking at hummingbirds’ 
preference on which flower to visit, we 
found no support for our hypothesis that C. 
anna has an initial preference for red 
flowers. Our result in the lack of color 
preference was partially like the finding of a 
previous study which proved that although 
red flowers were sometimes preferred, 
hummingbirds would learn to visit different 
colored flowers in nearly equal frequencies 
if the nectar rewards are held the same 
(Guzman and Wilson 2012). If it holds true 
that nectar reward was a more important 
factor than flower color, one possible 
explanation of our result could be the effect 
of the same nectar volume used in every 
flower. 

In our study design, the pipette tubes were 
always filled to half as a standard volume 
and the amount of nectar was more than 
what a hummingbird would receive from an 

actual flower in an equal amount of time, 
thus different from the association of red 
flower and higher nectar rewards in nature 
due to less depletion by other nectar-
consumers (Meléndez-Ackerman 1997). As a 
result, C. anna might have visited any 
flowers knowing that there would always be 
sufficient nectar rewards. It is yet to be 
determined whether hummingbirds prefer 
red flowers when nectar rewards in flowers 
are kept at a much lower amount that is 
closer to a natural situation. 

Although flower colors had no impact on 
the preference of C. anna in our study, we 
found a potential possibility that the flowers 
were chosen based on their locations. The 
possible spatial preference aligned with the 
null hypothesis that hummingbirds 
memorize spatial cues such as local 
landmarks rather than visual cues such as 
flower color (Hurly and Healy 1996), but we 
further confirmed that the spatial cues were 
still used to inform hummingbirds’ foraging 
preference even when location of flowers 
were randomized every day. Specifically, the 
possible location of visits in our study plot 
was close to an average-height flowering 
tree and a low fence. From observation, we 
notice that hummingbirds rest on the tree 
and fence in between some visits; insects 
attracted by the flowering tree were also 
consumed by the hummingbirds. We 
acknowledge that other factors, such as 
convenience and insects as food sources, 
might also impact the foraging preference of 
hummingbirds. A comprehensive study 
about the crossing effect of flower 
characteristics and environmental factors 
could be conducted in the future to better 
understand why hummingbirds visit their 
food sources in different frequencies. 

When looking at the length of time C. anna 
spent on each flower, we found that neither 
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the nectar type nor the toxic nectar 
concentration affected the number of visits 
or length of visits. This pattern contradicts 
our hypothesis that C. anna would have 
longer visits at flowers with sugar water and 
with E. canum nectar and that increasing 
toxin concentration would decrease overall 
visits by C. anna. In a similar study in Israel 
where N. glauca is pollinated by native 
sunbirds, it was found that sunbirds chose 
the nectar with higher toxicity levels less 
often and showed reduced gut transit time 
after ingestion (Tadmor-Melamed et al. 
2004). As a result, it is unexpected to us that 
increasing N. glauca toxicity did not 
influence the preference of C. anna like it did 
to sunbirds. 

One explanation for this lack of response 
to toxic nectar could be the variability in the 
nectar toxicity of the flowers we collected. 
Nectar toxicity has been found to not only 
vary between individual flowers on the same 
plant, but also differ in concentration from 
the floral or leaf tissues within the plant 
(Kessler et al. 2012, Kessler and Baldwin 
2007). For example, an analysis of N. glauca 
nectar toxicity found that the average 
concentrations of alkaloids in N. glauca 
nectar were 0.5 ppm nicotine and 5.0 ppm 
anabasine, but higher concentrations were 
likely to be found in other plant tissues 
(Tadmor-Melamed et al. 2004, Kaczorowski 
et al. 2014). By using the entire N. glauca 
flower to make our nectar solution, it is 
difficult to determine whether our solution 
contained enough toxicity to deter 
pollinators as compared to other studies. 
Additionally, other compounds within the 
floral tissues could have also been 
introduced into the solution that may 
actually attract hummingbirds and cancel 
out the deterrent effect of the alkaloids 
(Kessler and Baldwin 2007). Due to the 

constraints of our project, we were not able 
to measure the exact amount of alkaloid, 
specifically nicotine and anabasine, or other 
floral compounds that may have been 
present in the N. glauca nectar solution. 
Quantitative information about toxicity level 
would allow for a more precise future 
experiment aimed at understanding 
hummingbird, particularly C. anna’s, ability 
to tolerate these toxins. 

The coevolution of N. glauca and C. anna 
could also possibly account for C. anna’s 
ability to tolerate the nectar. Different 
pollination methods in N. glauca have been 
observed in different regions of the world; 
for example, in parts of Western Europe, N. 
glauca relies on self-pollination more than 
pollinators (Schueller 2002). As a result, 
these N. glauca are not as toxic as their 
counterparts in South America. Although 
little research has been done on the exact 
toxicity levels of N. glauca in California, 
native pollinators could have imposed 
selective pressure on N. glauca, a non-native 
plant, to reduce its toxicity. The pollination 
syndrome in N. glauca in California might 
explain why C. anna is able to tolerate the 
nectar solution. Alternatively, it is possible 
that California native C. anna has developed 
toxin tolerance in response to the natural 
selection imposed by N. glauca nectar. 

Lastly, the fact that we did not notice a 
direct effect of nectar type or nectar 
concentration on hummingbird foraging 
behavior could support the theory that 
nectar toxicity may instead be a residual 
effect of the chemical defenses the plant will 
deploy in response to leaf herbivory (Kessler 
et al. 2012, Kessler and Baldwin 2007). Other 
studies have revealed that leaf herbivory 
and floral damage can induce an increase in 
the nectar alkaloids that deter pollinators (N. 
tabacum; Adler et al. 2006, Kaczorowski et 
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al. 2014). We did not observe whether the N. 
glauca plants that we collected flowers from 
to make our nectar had been subject to 
damage or leaf herbivory. Therefore, future 
research could perform a similar experiment 
but damage the leaves of the N. glauca plant 
and note the degree of damage to each 
individual plant prior to collecting flower 
samples in order to determine whether the 
interaction between leaf herbivory and 
nectar alkaloids influences hummingbird 
foraging behavior that diverges from our 
present study. 

In conclusion, our experimental study 
highlighted that C. anna do not have a 
preference in floral color and nectar toxicity 
does not affect the length of time 
hummingbirds will spend at a given flower. 
Instead, features within their environment 
could have a larger influence on their 
foraging behavior. Our finding sheds light on 
the complexities of plant-pollinator 
interactions and our limited knowledge of 
these systems. More studies on 
hummingbirds’ foraging behavior will help to 
inform the direction and scope of future 
hummingbird-plant coevolution imposed by 
the selective pressure from the 
hummingbirds on specific plant 
characteristics. 
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