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Abstract

Researchers have long assumed that plant spatial location influences plant reproductive success and pollinator foraging 
behaviour. For example, many flowering plant populations have small, linear or irregular shapes that increase the 
proportion of plants on the edge, which may reduce mating opportunities through both male and female function. 
Additionally, plants that rely on pollinators may be particularly vulnerable to edge effects if those pollinators exhibit 
restricted foraging and pollen carryover is limited. To explore the effects of spatial location (edge vs. interior) on siring 
success, seed production, pollinator foraging patterns and pollen-mediated gene dispersal, we established a square 
experimental array of 49 Mimulus ringens (monkeyflower) plants. We observed foraging patterns of pollinating bumblebees 
and used paternity analysis to quantify male and female reproductive success and mate diversity for plants on the 
edge versus interior. We found no significant differences between edge and interior plants in the number of seeds sired, 
mothered or the number of sires per fruit. However, we found strong differences in pollinator behaviour based on plant 
location, including 15 % lower per flower visitation rates and substantially longer interplant moves for edge plants. This 
translated into 40 % greater pollen-mediated gene dispersal for edge than for interior plants. Overall, our results suggest 
that edge effects are not as strong as is commonly assumed, and that different plant reproduction parameters respond to 
spatial location independently.

Keywords:   Edge effects; gene dispersal; mate diversity; Mimulus; monkeyflower; paternity; pollination; seed set; siring 
success; spatial location.

  

Introduction
Many flowering plant populations are small in size, or have 
a linear or irregular shape, characteristics that increase the 
proportion of individuals on the population’s edge (Handel 
1983). These ‘edge’ plants have fewer neighbours than ‘interior’ 
plants, potentially altering pollinator foraging behaviour, 
and reducing mating opportunities and mate diversity 
through both male and female function (Aldrich and Hamrick 
1998; Cresswell 2000; Ison and Wagenius 2014). Reduced 
mating opportunities limit the options for mate choice, 

and reduced mate diversity may influence the likelihood of 
successful offspring establishment in spatially heterogeneous 
environments. Both are thought to be important components 
of reproductive success (Karron and Marshall 1993; Pannell and 
Labouche 2013; Krauss et al. 2017).

Plants that rely on pollinators exhibiting area-restricted 
foraging (such as bumblebees; Levin and Kerster 1969a, b; Karron 
et al. 1995) may be especially susceptible to ‘edge’ versus ‘interior’ 
position effects (Cresswell 2000, but see Hodges and Miller 1981). 
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In an evenly spaced population resembling a square grid, edge 
plants have only 62 % as many near neighbours as those in the 
interior (five near neighbours rather than eight; Fig. 1). When 
pollen carryover is limited so that most pollen dispersed from 
a focal plant is deposited on stigmas of the next plant the bee 
visits (Thomson and Plowright 1980; Holmquist et al. 2012), the 
number of potential mates would be reduced. However, if pollen 
carryover is more extensive, the number of plants immediately 
adjacent to ‘edge’ plants becomes less important because a 
sizeable fraction of pollen from ‘edge’ plants may be dispersed 
to other more distant recipients (or is received by ‘edge’ plants 
from more distant pollen donors; see Levin 1995). Although 
previous work has quantified seed production (e.g. Kunin 1997; 
Burgess et al. 2006; Ison and Wagenius 2014; Gargano et al. 2017) 
and mate diversity (Barriball et al. 2014) for edge versus interior 
plants, the effects of spatial position on siring success and the 
extent of pollen-mediated gene dispersal have not previously 
been explored.

Here we use parentage analysis to quantify male and female 
reproductive success and mate diversity for edge and interior 
plants in an experimental population of a bumblebee-pollinated 
hermaphroditic plant. To assess the role of pollen carryover, we 
also contrast pollinator flight movements and gene dispersal 
following visits to edge and interior plants. We address the 
following questions: (i) Do edge and interior plants differ in 
male and female reproductive success? (ii) Do edge and interior 
plants differ in mate number (sires per fruit)? (iii) Do mean 
pollinator flight distances differ following departures from edge 
and interior plants? (iv) Do edge and interior plants differ in 
patterns of pollen-mediated gene dispersal?

Methods

Study system

Mimulus ringens (Phrymaceae) is a diploid, self-compatible, 
wetland perennial native to central and eastern North 
America. It produces zygomorphic purple flowers that last a 

single morning and are pollinated primarily by bumblebees. 
At our field site the most common pollinators are Bombus 
vagans and B.  impatiens, with B.  fervidus, B.  griseocollis, 
B. pennsylvanicus visiting less frequently (Mitchell et al. 2004). 
Flowers generally receive 1–3 bumblebee visits before stigmas 
close in the late morning (Mitchell et  al. 2005; Karron et  al. 
2006). Mimulus ringens populations are typically composed 
of 50–2000 individuals and have shapes ranging from linear 
and only 1–5 plants wide (streamside, edge of a steep vertical 
gradient, or narrow depressions and channels) to nearly 
circular and >40 plants wide (marshes and wet meadows; 
pers. obs.).

Experimental design

We constructed an experimental array of 49 M.  ringens genets 
in a common garden at the University of Wisconsin–Milwaukee 
Field Station (Saukville, WI, USA; 43.387335°N, 88.022870°W). The 
array is surrounded by a restored prairie with many bumblebee-
pollinated species. No natural populations of M.  ringens occur 
within 12 km of our study site. Experimental plants were grown 
to flowering in 20-cm pots. These plants were grown from 
seed collected from a single natural population at the Panzner 
Wetland Wildlife Reserve (Akron, OH, USA; (41.068524°N, 
81.612118°W). Plants in this population have 1–2 flowered 
displays and produce 6–8 flowers over a season.

We conducted the experiment on four fair weather days 
between 25 July 2017 and 31 July 2017. We randomly assigned 
positions to genets in the array and re-randomized the array 
each subsequent day to minimize confounding of genet and 
location effects. On each day, we trimmed plants to a single 
flower before anthers dehisced and before pollinators began 
visiting flowers at sunrise (0530 h).

Pollinator observations

We observed pollinator visitation patterns each day between 
0530 and 1000 h; this is the window of time in which pollinator 
visits provide effective pollination. Flowers usually receive 1–3 
visits during this 4.5-h period (Karron et al. 2006). By 1000 h all 
stigmas were closed.

Each day of the study three observers recorded all pollinator 
visits during 15-min intervals spaced throughout the morning, 
resulting in four 15-min observation periods per day. When a bee 
entered the array, one of the observers followed and recorded 
the bee species and the entire visitation sequence. The observer 
recorded the unique identification and location of the first plant 
the bee visited and the time of that visit, and then recorded all 
subsequent plants visited in the order in which the bee visited. 
When the bee departed the array, the observer recorded the time 
of departure. From the plant location information, we could then 
calculate how far the bee travelled in metres. While that observer 
was occupied, the other observers scanned for and followed any 
other bees in the array. In almost all cases there were fewer than 
two simultaneously foraging bees, so full visitation sequences 
were scored. In the rare instances when more bees were present 
at once, the observers recorded which plants were visited but 
were unable to record simultaneously the order of plants visited 
by each individual bee. We are confident that we recorded all 
visits even under those circumstances.

Quantifying female reproductive success

We tagged flowers at 1300  h after stigmas had closed and 
effective pollination for the day was completed. On all 4 days, 
every flower produced a fruit, for a total of 196 fruits. We 

Figure 1.  Schematic of the experimental array, a 7 x 7 square grid of plants 

spaced 0.8 m apart. Edge plants are shown in orange; interior plants in blue. 

A  focal plant on an edge of the population (shown in grey) has five adjacent 

neighbours. A  focal plant in the interior of the population (shown in pink) is 

surrounded by eight near neighbours.
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collected the fruits on 28 August 2017 to 30 August 2017. Three 
of the 196 fruits suffered damage by seed predators and could 
not be used for quantifying seed number or siring success.

We used image analysis to count the thousands of minute 
seeds in each fruit. To do this we scraped seeds from the fruit and 
placed them in a transparent zippered plastic bag to facilitate 
handling. We then scanned the bag with the seeds at 600 DPI 
with a flatbed scanner (HP 9000T), and counted the seeds using 
ImageJ software version 1.5.2r (Schneider et al. 2012). Final seed 
counts represent means of five scans of the seeds of each fruit 
(scan counts match hand counts closely, r = 0.97, N = 20).

Quantifying male reproductive success and mate 
number per fruit

To assess paternity, we genotyped 5 seedlings per fruit (965 
seedlings total) with eight microsatellite loci following the 
methods of Nunziata et  al. (2012). Genotypes of all maternal 
plants were known (Christopher et  al. 2019). The multilocus 
exclusion probability given known maternal genotypes was 
0.98. There was 1 % missing data in the final data set.

We performed paternity analysis to identify the most 
likely father of each seedling using the maximum likelihood 
procedure in Cervus v3.0 (Kalinowski et  al. 2007). We retained 
the default 2 % genotyping error rate. The program successfully 
assigned paternity to a single father for each of 842 seedlings 
(87 % of the total). Cervus reported that 54 % of the 842 paternity 
assignments had ≥95  % confidence, and the remaining 46  % 
of the paternity assignments had 80–94  % confidence. Eight 
percent of the seedlings resulted from selfing. We omitted from 
further analysis the 123 seedlings (13 %) that we were unable to 
successfully assign to a single father at ≥80 % confidence.

We quantified male reproductive success by estimating the 
total number of seeds sired by each of the 49 pollen donors 
on each day of the experiment. An unbiased estimate of siring 
success must incorporate the number of seeds successfully 
genotyped in each fruit as well as the total number of seeds 
from which that sample was drawn (Conner et al. 1996; Karron 
and Mitchell 2012). We genotyped 4–5 seeds per fruit and 
multiplied each donor’s proportion of siring by the number of 
seeds counted in that fruit. We then summed the estimated 
number of seeds sired by each donor across the 49 maternal 
plants to obtain total siring success for each donor on each day 
of the study. We assessed mate number per fruit by calculating 
the number of unique fathers (including self) that sired seeds 
in each fruit.

Data analyses

We compared seed production, siring success, mate number and 
pollinator visitation between plants on the edge versus interior 
of the array using ANOVAs. We categorized the 24 plants around 
the perimeter of the square array as ‘edge’ plants, and the 25 
plants in the centre of the array as ‘interior’ plants. For each 

response variable, we tested for an effect of spatial position 
in the array (edge vs. interior), the experimental day and an 
interaction between the two factors.

We compared gene dispersal distance and pollinator 
movement between plants on the edge versus the interior 
of the array. To do this, we calculated the distance between a 
seedling’s maternal and paternal parents. We used a G-test 
(likelihood ratio test) to evaluate whether the distributions of 
gene dispersal distances differed for edge and interior plants. 
We used a contingency test to examine whether pollinator flight 
segments differed between the edge and interior. To do this, we 
examined an individual bee’s foraging itinerary: every time it 
departed an edge plant, we calculated the distance it flew to the 
next plant visited. We did this for all bees that visited the array. 
We then performed the same procedure for departures from 
interior plants. We also calculated the distances of pollinator 
flight segments from the individual bee itineraries in the 
experimental array and also tested this with a contingency test. 
Analyses were performed in JMP, Version 14.2 (SAS Institute Inc., 
Cary, NC, 1989–2019) and R v.3.6.1 (R Core Team 2019).

Results

Female reproductive success

We found no difference in the number of seeds per fruit 
mothered by edge and interior plants, although there were 
significant differences among days (Table  1; Fig.  2). The mean 
number of seeds per fruit mothered by edge plants was 2444 ± 
66, versus 2493 ± 65 for interior plants, a difference of <2.0 %. 
Seed number declined steadily across the four sampling days, 
ranging from 2785 ± 93 (mean ± SE) on the first sampling day 
to 2087 ± 93 on the last sampling day. The lack of a significant 
interaction indicates that the rate of decline over time did not 
differ for edge and interior plants.

The difference between seeds mothered by edge plants 
versus interior plants was <1 % of the total seed number. The 
small standard errors on these estimates confirm that our 
analyses were strong enough to detect even minor (3.5  %) 
effects of position on seeds mothered; the realized power of this 
analysis was sufficient to detect a true difference of 92 seeds.

Male reproductive success

The number of seeds sired by individual plants did not differ 
between edge and interior plants (Table  1; Fig.  2). The mean 
number of seeds sired by edge plants was 2342  ± 172, versus 
2372 ± 149 for interior plants, a difference of <2.2 %. Seeds sired 
did not vary among days (but showed a declining trend parallel 
to that for seeds mothered): the mean number of seeds sired on 
the first sampling day was 2604 ± 228, and on the last sampling 
day the average was 1975  ± 154. There was not a significant 
interaction of day and spatial location.

Table 1.  ANOVA for effects of spatial location and day on the number of seeds mothered, the number of seeds sired and the number of pollen 
donors siring seeds within fruits. Significant (P < 0.05) results are highlighted in bold.

Seeds mothered  
(error df =186)

Seeds sired  
(error df = 188)

Sires per fruit  
(error df = 179)

Source df F P F P F P

Edge or interior 1 0.24 0.62 0.06 0.81 0.48 0.49
Day 3 10.58 <0.0001 1.64 0.18 4.85 0.003
Interaction 3 1.73 0.16 0.95 0.42 1.70 0.17
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The difference between seeds sired by edge versus interior 
plants was <2.2 % of the total seed number, with small standard 
errors. The analysis was therefore strong enough to detect a 
moderate effect (8 %) of position on siring; the realized power of 
this analysis was enough to detect a true difference of 212 seeds.

Number of mates siring seeds within fruits

Nearly all fruits were multiply sired (consisted of half sibs rather 
than full sibs) (Fig. 3). The number of pollen donors siring seeds 
within fruits did not differ significantly by spatial location, with 
the mean number of sires for edge plants being 3.72 ± 0.11, and 
that for interior plants being 3.83 ± 0.10, a difference of <2.9 % 
(Table 1; Fig. 3). For both spatial locations most fruits had 3–5 

sires. The number of sires per fruit varied significantly among 
days with no discernable temporal trend, and there was no 
significant interaction of spatial location and day.

Pollinator movements and pollen-mediated gene 
dispersal

During each day of our study flowers were open and receptive 
for ~4.5 h (from 530 to 1000 h local daylight savings time). The 
four 15-min pollinator observation periods each day represented 
~22  % of all floral visits to our study plants. Over the 4  days 
we observed 209 floral visits: 88  % by B.  vagans workers, 10  % 
by Bombus impatiens workers and 2  % by unidentified Bombus 
workers. The mean rate of pollinator visitation to flowers on 

Figure 3.  Mate number per fruit for edge versus interior plants. Mate number determined by paternity exclusion for 5 seeds per fruit. N = 92 plants for edge and 95 for 

interior.

Figure 2.  Mean number of seeds (±1 SE) mothered on, or sired by, edge and interior plants. N per bar = 96 for edge and 100 for interior plants. The number of seeds sired 

is slightly lower than the number of seeds mothered due to the estimation error of paternity shares.
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edge plants was lower than to flowers on interior plants: edge, 
1.30 ± 0.11 visits per flower per hour; interior, 1.53 ± 1.20 visits 
per flower per hour, a difference of >15 %.

Both pollinator flight segments and pollen-mediated gene 
dispersal were highly restricted for both edge and interior 
plants (Fig. 4). Edge and interior plants differed significantly 
in the pattern of pollinator moves (likelihood ratio χ 2 = 71.5, 
5 df, P < 0.0001). This mostly reflects longer moves for edge 
plants: 54  % of pollinator flights departing edge plants 
were <2 m away, compared to 71  % for flights departing 
interior plants.

The pattern of pollen-mediated gene dispersal also varied 
significantly between edge and interior plants (Fig.  4 a,b, 
likelihood ratio χ 2  =  11.1, 5 df, P  <  0.049). This reflects more 
extensive gene dispersal for edge plants; the mean distance of 
pollen-mediated gene dispersal from flowers on edge plants was 
2.38 ± 0.08 m, whereas the mean distance of pollen-mediated 
gene dispersal from flowers on interior plants was 1.70 ± 0.06 
m.  For both pollinator moves and gene dispersal, edge plants 
deviated more from a smooth decline with distance, showing a 
distinct increase in moves and dispersal >2 m (Fig. 4 a,b) relative 
to interior plants.

Discussion
Although edge effects are widely assumed to influence plant–
pollinator interactions and plant reproductive success, we found 
no significant differences between edge and interior plants in 
the number of seeds sired, the number of seeds mothered or 
the number of pollen donors siring seeds within fruits. However, 
there were subtle effects of plant spatial location on pollinator 
foraging behaviour and on the distance of pollen-mediated gene 
dispersal.

Edge effects on plant reproductive success should be most 
pronounced in species with limited pollen carryover. Since 
pollen carryover is extremely limited in M.  ringens (Holmquist 
et al. 2012; Mitchell et al. 2013), our study system was well-suited 
for detection of edge effects on plant reproductive success. Thus, 
the lack of edge effects on male and female reproductive success 
in an especially susceptible situation suggests that spatial 
location within a population will not necessarily influence these 
aspects of plant reproduction.

Our findings are in contrast to those of Ison and Wagenius 
(2014), who found that seed set in self-incompatible Echinacea 
angustifolia was significantly lower for plants on the edge versus 
the interior of an experimental plot. They noted a significant 
interaction between plant location and flowering date, which 
they attributed to increased pollen limitation later in the 
flowering season. By contrast, we found no effect of plant spatial 
location on seed set and no evidence for pollen limitation (see 
below). Therefore, edge effects may appear only under certain 
conditions, such as pollen limitation.

One noticeable effect of the edge position in our study 
concerned pollen-mediated gene dispersal, for which we found 
meaningful differences between edge and interior plants, 
with edge plants showing more idiosyncratic patterns and an 
increase in the weight of the tails of the distribution. This finding 
should inspire caution in studies of gene dispersal and warrants 
more attention to potential position effects. This applies to both 
field studies and array experiments. As noted by Levin (1995), 
edge plants may play an important role in pollen-mediated 
gene dispersal. Occasional long-distance pollen-mediated 
gene dispersal from edge plants could reduce the extent of fine 
spatial population genetic structure. This may be particularly 
true in populations with a high proportion of edge plants, such 
as long linear populations.

Figure 4.  Pollinator movements and pollen-mediated gene dispersal for edge and interior plants. X-axis categories are abbreviated; true ranges are 0–0.999, 1–1.999, etc. 

N for pollinator moves = 73 for edge plants and 136 for interior. N for gene dispersal = 385 for the edge and 457 for the interior.
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We found that pollinator visitation rate was lower for 
edge than for interior plants. This result contrasts with 
the intuition that edge plants might have higher visitation 
because they are the first plants that a visitor arriving from 
elsewhere would encounter (Levin 1995). Therefore, edge 
plants may not act as a ‘buffer’ or barrier that captures any 
interpopulation pollen movement. It also suggests that 
pollinators may aggressively restrict movements between 
populations and avoid population edges. In fact, in patchily 
distributed populations, bees do not forage in a linear fashion, 
but rather turn back to the patch interior to avoid the cost 
of travelling longer distances between patches, resulting in 
decreased visitation to the edge (Rasmussen and Broedsgaard 
1992), although these behaviours are species-specific (Brunet 
et al. 2019).

Although we found fairly strong effects of plant spatial 
location on pollinator behaviour, this did not translate into 
strong effects on seed production and mating patterns, with 
the exception of gene dispersal. These results are similar to 
Kunin (1997), who found higher pollinator constancy in the 
interior of a Brassica kaber experimental plot, but no differences 
in visitation rate or seed set. Our findings highlight the value 
of a holistic investigation of pollination, since the potential 
for effects on reproductive success may differ from effects on 
mate composition and pollen-mediated gene dispersal (Page 
et al. 2019). Our findings also provide insight on the mechanistic 
connections between these responses. Although pollinator 
visitation was lower for edge plants, it was still relatively high, 
such that edge flowers received on average over five visits 
(1.3 visits per flower per hour over 4.5 h), which is more than 
enough to saturate the pollen dose–response relationship 
(Karron et al. 2006). Thus, edge plants were not pollen-limited, 
so seed production was not lower than for interior plants (which 
received nearly seven visits). However, this raises the possibility 
that interior plants might have more scope for mate choice 
(since a smaller fraction of pollen on stigmas could be successful 
in fertilization; Christopher et al. 2019). Our data do not allow us 
to test this possibility.

It is possible that the spacing between plants or population 
size might affect our conclusions. It would be informative 
to compare pollinator behaviour, seed production, and mate 
diversity for edge versus interior plants in a variety of population 
densities and sizes in our system. For example, increased 
density or the presence of a co-flowering species can alter the 
patterns of pollinator visitation, constancy and seed set (Kunin 
1997; Thomson et al. 2019). Aggregated plant distributions can 
also decrease pollinator flight distances (Cresswell 2000), which 
may have implications for pollinator-mediated gene dispersal.

Because plant populations are finite and often irregularly 
shaped, a large fraction of wild plants will be on or near edges. 
This is especially true for linear populations (e.g. along stream 
courses or hedgerows). Plants on the edge of experimental 
populations are widely assumed to experience different 
pollination environments than those in the interior because of 
edge effects (Fagan et al. 1999; Ricketts 2001). If true, this would 
complicate interpretation of many studies. Furthermore, since 
natural populations differ greatly in population shape, size and 
density, context specificity of conclusions would be likely and 
require consideration. However, our results suggest that, despite 
the conservative intuition of many researchers, edge effects in 
plant reproduction may be minor, and restricted only to some 
aspects of pollination biology.

Our findings also have important implications for the design 
of experimental arrays, which are increasingly used for studies 

of natural selection (Caruso et al. 2019). Such studies of necessity 
assume that all plants are equal except concerning the traits under 
study, and therefore assume that there are no edge effects. Large 
edge effects would muddy estimates of selection and complicate 
interpretation of results. Our findings suggest that edge effects 
will not necessarily play a large role in experimental arrays.

Conclusion
We found no differences in fitness between edge and interior 
plants in our experimental array. We did find lower pollinator 
visitation rates to edge plants, and the shape of the pollen-
mediated gene dispersal curve differed between edge and 
interior plants. Taken together, these results suggest that edge 
effects are not as strong or ubiquitous as commonly assumed, 
and that different plant reproduction parameters respond to 
spatial locations independently (Ries et al. 2017).

Data Archiving
Data are available on dryad, doi:10.5061/dryad.9s4mw6mcx.

Sources of Funding
This research was supported by National Science Foundation 
awards 1654943, 1654967 and 1654951 and an award from the 
UWM Research Growth Initiative.

Conflict of Interest
None declared.

Acknowledgements
The authors are grateful to Paul Engevold, Margaret Hackl, Halley 
Minser, Rebecca Cross, Jason Vizelka, Ron Tagye, Gretchen Meyer, 
and Jim Reinartz for greenhouse and field research assistance. 
Gerardo Arceo-Gomez and two reviewers provided comments 
that greatly improved the manuscript.

Contributions by the Authors
D.A.C., R.J.M., and J.D.K. conceived the study. All authors collected 
data. D.A.C., R.J.M., and J.D.K. analysed data. D.A.C., R.J.M., and 
J.D.K. wrote the manuscript. J.D.K., R.J.M., and D.W.T. funded the 
study. All authors revised the manuscript.

Literature Cited
Aldrich PR, Hamrick JL. 1998. Reproductive dominance of pasture trees in a 

fragmented tropical forest mosaic. Science 281:103–105.
Barriball  K, Goodell  K, Rocha  OJ. 2014. Mating patterns and pollinator 

communities of the invasive shrub Lonicera maackii: a comparison 
between interior plants and edge plants. International Journal of Plant 
Sciences 175:946–954.

Brunet J, Zhao Y, Clayton MK. 2019. Linking the foraging behavior of three 
bee species to pollen dispersal and gene flow. PLoS One 14:e0212561.

Burgess VJ, Kelly D, Robertson AW, Ladley JJ. 2006. Positive effects of forest 
edges on plant reproduction: literature review and a case study of bee 
visitation to flowers of Peraxilla tetrapetala (Loranthaceae). New Zealand 
Journal of Ecology 30:179–190.

Caruso CM, Eisen KE, Martin RA, Sletvold N. 2019. A meta-analysis of the 
agents of selection on floral traits. Evolution 73:4–14.

Christopher  DA, Mitchell  RJ, Trapnell  DW, Smallwood  PA, Semski  WR, 
Karron  JD. 2019. Hermaphroditism promotes mate diversity in 
flowering plants. American Journal of Botany 106:1131–1136.

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/article/12/4/plaa033/5867125 by guest on 28 M

arch 2021



Copyedited by: SU

Christopher et al. – Edge effects and mating patterns  |  7

Conner JK, Rush S, Kercher S, Jennetten P. 1996. Measurements of natural 
selection on floral traits in wild radish (Raphanus raphanistrum). II. 
Selection through lifetime male and total fitness. Evolution 50:1137–1146.

Cresswell JE. 2000. A comparison of bumblebees’ movements in uniform 
and aggregated distributions of their forage plant. Ecological Entomology 
225:19–25.

Fagan WF, Cantrell RS, Cosner C. 1999. How habitat edges change species 
interactions. The American Naturalist 153:165–182.

Gargano D, Fenu G, Bernardo L. 2017. Local shifts in floral biotic interactions 
in habitat edges and their effect on quantity and quality of plant 
offspring. AoB Plants 9:plx031; doi:10.1093/aobpla/plx031.

Handel SN. 1983. Pollination ecology, plant population structure, and gene 
flow. In: Real L., ed. Pollination biology. Cambridge, MA: Academic Press, 
163–211.

Hodges  CM, Miller  RB. 1981. Pollinator flight directionality and the 
assessment of pollen returns. Oecologia 50:376–379.

Holmquist  KG, Mitchell  RJ, Karron  JD. 2012. Influence of pollinator 
grooming on pollinator-mediated gene dispersal in Mimulus ringens 
(Phrymaceae). Plant Species Biology 27:77–85.

Ison JL, Wagenius S. 2014. Both flowering time and distance to conspecific 
plants affect reproduction in Echinacea angustifolia, a common prairie 
perennial. Journal of Ecology 102:920–929.

Kalinowski ST, Taper ML, Marshall TC. 2007. Revising how the computer 
program CERVUS accommodates genotyping error increases success 
in paternity assignment. Molecular Ecology 16:1099–1106.

Karron  JD, Marshall  DL. 1993. Effects of environmental variation on 
fitness of singly and multiply sired progenies of Raphanus sativus 
(Brassicaceae). American Journal of Botany 80:1407–1412.

Karron JD, Mitchell RJ. 2012. Effects of floral display size on male and female 
reproductive success in Mimulus ringens. Annals of Botany 109:563–570.

Karron JD, Mitchell RJ, Bell JM. 2006. Multiple pollinator visits to Mimulus 
ringens (Phrymaceae) flowers increase mate number and seed set 
within fruits. American Journal of Botany 93:1306–1312.

Karron  JD, Tucker  R, Thumser  NN, Reinartz  JA. 1995. Comparison of 
pollinator flight movements and gene dispersal patterns in Mimulus 
ringens. Heredity 75:612–617.

Krauss SL, Phillips RD, Karron JD, Johnson SD, Roberts DG, Hopper SD. 2017. 
Novel consequences of bird pollination for plant mating. Trends in Plant 
Science 22:395–410.

Kunin  WE. 1997. Population size and density effects in pollination: 
pollinator foraging and plant reproductive success in experimental 
arrays of Brassica kaber. Journal of Ecology 85:225–234.

Levin  DA. 1995. Plant outliers: an ecogenetic perspective. The American 
Naturalist 145:109–118.

Levin DA, Kerster HW. 1969a. The dependence of bee-mediated pollen and 
gene dispersal upon plant density. Evolution 23:560–571.

Levin  DA, Kerster  H. 1969b. Density-dependent gene dispersal in Liatris. 
The American Naturalist 103:61–74.

Mitchell  RJ, Karron  JD, Holmquist  KG, Bell  JM. 2004. The influence of 
Mimulus ringens floral display size on pollinator visitation patterns. 
Functional Ecology 18:116–124.

Mitchell RJ, Karron  JD, Holmquist KG, Bell  JM. 2005. Patterns of multiple 
paternity in fruits of Mimulus ringens (Phrymaceae). American Journal of 
Botany 92:885–890.

Mitchell RJ, Wilson WG, Holmquist KG, Karron JD. 2013. Influence of pollen 
transport dynamics on sire profiles and multiple paternity in flowering 
plants. PLoS One 8:e76312.

Nunziata SO, Karron JD, Mitchell RJ, Lance SL, Jones KL, Trapnell DW. 2012. 
Characterization of 42 polymorphic microsatellite loci in Mimulus 
ringens (Phrymaceae) using Illumina sequencing. American Journal of 
Botany 99:e477–e480.

Page ML, Ison  JL, Bewley AL, Holsinger KM, Kaul AD, Koch KE, Kolis KM, 
Wagenius S. 2019. Pollinator effectiveness in a composite: a specialist 
bee pollinates more florets but does not move pollen farther than 
other visitors. American Journal of Botany 106:1487–1498.

Pannell  JR, Labouche AM. 2013. The incidence and selection of multiple 
mating in plants. Philosophical Transactions of the Royal Society of London. 
Series B, Biological Sciences 368:20120051.

R Core Team. 2019. R: a language and environment for statistical computing. 
Vienna, Austria: R Foundation for Statistical Computing. https://
www.R-project.org/.

Rasmussen IR, Brødsgaard B. 1992. Gene flow inferred from seed dispersal 
and pollinator behaviour compared to DNA analysis of restriction 
site variation in a patchy population of Lotus corniculatus L. Oecologia 
89:277–283.

Ricketts TH. 2001. The matrix matters: effective isolation in fragmented 
landscapes. The American Naturalist 158:87–99.

Ries L, Murphy SM, Wimp GM, Fletcher RJ. 2017. Closing persistent gaps 
in knowledge about edge ecology. Current Landscape Ecology Reports 
2:30–41.

Schneider  CA, Rasband  WS, Eliceiri  KW. 2012. NIH Image to ImageJ: 
25 years of image analysis. Nature Methods 9:671–675.

Thomson  JD, Fung  HF, Ogilvie  JE. 2019. Effects of spatial patterning of 
co-flowering plant species on pollination quantity and purity. Annals 
of Botany 123:303–310.

Thomson  JD, Plowright  RC. 1980. Pollen carryover, nectar rewards, and 
pollinator behavior with special reference to Diervilla lonicera. Oecologia 
46:68–74.

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/article/12/4/plaa033/5867125 by guest on 28 M

arch 2021

https://doi.org/10.1093/aobpla/plx031
https://www.R-project.org/
https://www.R-project.org/

