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Abstract
Turfgrass lawns are synonymous with plant selection in the built environment. Plants in urban landscapes are largely selected 
to enhance aesthetic quality and comply with social norms. Warm season turfgrasses are produced and planted as intraspecific 
cultivar monocultures to preserve heritable traits that meet aesthetic standards. Monocultures are less resilient to biotic and 
abiotic stress than more diverse plantings, which increases reliance on pesticides and resource-intensive maintenance and 
presents unintended environmental risks. Increasing interspecific plant diversity may provide the greatest resilience ben-
efits, but it introduces production, maintenance, and marketing barriers that can inhibit industry and consumer acceptance. 
Intraspecific cultivar blends may provide plant diversity resilience benefits without compromising industry and consumer 
values. Using a four-year field experiment we determined the effects of mixing warm season turfgrass cultivars on lawn 
resilience and aesthetic quality. We find that mixing turfgrass cultivars increases quality compared to cultivar monocultures, 
but primarily when a poorly performing cultivar is present. Mixtures of four cultivars containing the poorly performing 
cultivar averaged 42% greater plant cover and 33% greater aesthetic quality than monocultures of that cultivar, indicating 
that the other cultivars compensated for the loss of one from the stand. Three years after planting, perceived aesthetic qual-
ity of lawns by turfgrass industry professionals was above the minimum aesthetic threshold only for plots containing blends 
of four cultivars. Thus, our results suggest that mixing warm season turfgrass cultivars extends the longevity of turfgrass 
coverage and quality compared to conventional cultivar monocultures. Such benefits can reduce monetary, natural resource, 
and pesticide inputs without conflicting with social aesthetic norms and may be a ready-made approach to more sustainable 
lawns in urban greenspaces.

Keywords Resilience · Biotic resistance · Intraspecific diversity · Sustainable landscaping · Urban ecology · Integrated pest 
management

Introduction

Urbanization coincides with replacing natural vegetation 
with plants selected by people, which is largely driven by 
aesthetic values and social norms (Avolio et al. 2018; Gobster 

et al. 2007) with little consideration of the environmental 
impacts of long-term plant management. Turfgrass lawns are 
a ubiquitous plant type in urban and residential areas around 
the globe (Milesi et al. 2005; Ignatieva et al. 2020). Rela-
tive to impervious surfaces that dominate urban landscapes, 
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healthy lawns sequester carbon (Law and Patton 2017), filter 
nutrients (Shaddox et al. 2016), reduce temperatures (Wang 
et al. 2016), and prevent erosion (Beard and Green 1994). 
Healthy lawns also increase property values (Stier et al. 2015) 
and provide safe recreational space (Mack et al. 2019). With-
out intensive management, many terrestrial arthropods and 
soil-dwelling organisms benefit from grass habitats, particu-
larly in fragmented and often depauperate urban landscapes 
(Delgado De La Flor et al. 2017; Joseph and Braman 2009; 
Joseph et al. 2020; Hui et al. 2017; Saarikivi et al. 2010; 
Tóth et al. 2020). Unfortunately many of the benefits of urban 
turfgrass lawns are offset by frequent biotic and abiotic plant 
damage (Ignatieva and Hedblom 2018) and subsequent reli-
ance on recurring chemical inputs that harm natural resources 
(Blanchoud et al. 2007; Meftaul et al. 2020) and non-target 
beneficial organisms (Gan and Wickings 2017; Calvo-Agudo 
et al. 2019; Kunkel et al. 1999; Larson et al. 2013). An under-
lying driver of the reliance on chemical inputs to upkeep tur-
fgrass lawns is a lack of plant diversity. Low plant diversity 
increases susceptibility to pests (Andow 1991) and reduces 
resilience to other biotic and abiotic stress factors (Knops 
et al. 1999).

Warm season turfgrasses constitute turfgrass lawns in 
tropical and subtropical regions of the world and include 
six widely used genera (Casler and Duncan 2003). These 
turfgrasses are typically produced as vegetative cuttings of 
a single cultivar to conserve heritable improved aesthetic 
and resiliency traits. In many regions, the composition  
of commercially produced turfgrasses is heavily biased 
towards few species or cultivars. For example, in Florida, 
USA, St. Augustinegrass (Stenotaphrum secundatum 
[Walt.] Kuntze) makes up over 50% of sod production and 
the majority of residential lawns in the state (Satterthwaite 
et al. 2009; Casler and Duncan 2003). Furthermore, in 2009 
the cultivar, ‘Floratam’, represented 81% of the more than 
42,000 hectares of St. Augustinegrass produced in the state 
(Satterthwaite et al. 2009). Some modern cultivars have 
enhanced resistance to drought (Zhang et al. 2015), pests 
(Rangasamy et al. 2006; Reinert et al. 2009), and other 
stressors. However, to date, only one cultivar is resistant to 
multiple insect pests (Reinert et al. 2011; Hale et al. 2008) 
and none provide resistance to multiple pest types (e.g., 
insects, diseases, nematodes). Therefore, even the most 
advanced cultivar planted in monoculture is susceptible to 
several biotic and abiotic stress factors.

Despite recent progress in turfgrass management, lawn-
care professionals and the public remain heavily reliant on 
chemical inputs for lawn upkeep due to a lack of alternatives 
that satisfy high aesthetic standards and social norms (Held 
and Potter 2012). Insecticide applications may control pests, 
but they can also harm non-target organisms (Desneux et al. 
2007; Kunkel et al. 1999; Potter 1993). Mounting evidence 
illustrates negative non-target effects of the most commonly 

used lawn insecticides on beneficial arthropods (Frank and 
Tooker 2020; Pearsons and Tooker 2021; Calvo-Agudo 
et al. 2019; Gan and Wickings 2017). Herbicides, the most 
heavily applied pesticide group around homes (Atwood and 
Paisley-Jones 2017), simplify the plant community and can 
also harm resident beneficial arthropods (Schmidt-Jeffris 
and Cutulle 2019). Lawns are also frequently fertilized and 
irrigated to promote dense green grass, but their overuse 
can contaminate and compromise natural resources (Morton 
et al. 1988). Thus, frequent chemical inputs and the main-
tenance and replacement of damaged lawns is not sustain-
able. Pest resistant plants can be an effective approach to 
more sustainable management, but unless combined with 
other tactics may be short lived. For example, ‘Floratam’ 
St. Augustinegrass was resistant to a key insect pest in the 
southern U.S. (Reinert and Dudeck 1974), but lost that 
resistance within 15 years as the insect evolved to feed on it 
(Busey and Center 1987).

More species diverse plant communities are more resil-
ient to biotic and abiotic stress (Knops et al. 1999) and the 
same may be true for lawns. The biotic resistance hypothesis 
posits that more diverse plant communities are more resil-
ient to invasion by other plant species (Levine et al. 2004).  
This has been supported in turfgrass systems (Simmons 
et al. 2011; Stott et al. 2010). For example, mixing tall 
fescue (Festuca arundinacea Schreb) and Kentucky blue-
grass (Poa pratensis L.) reduces weed invasion and disease 
severity compared to either species planted in monoculture 
(Cutulle et al. 2013). Improved resilience in turfgrass lawns 
may reduce pesticide inputs targeting weeds and diseases. 
More species diverse plantings can also reduce insect plant 
pest densities and damage by interfering with colonization 
and establishment (i.e., the resource concentration hypoth-
esis) or by promoting arthropod natural enemies (i.e., the 
enemies hypothesis) that reduce plant pests via biological 
control (Tahvanainen and Root 1972; Root 1973). At the 
intraspecific diversity level, Doherty et al. (2019) found that 
fall armyworm (Spodoptera frugiperda) caterpillars pref-
erentially colonized and fed more in turfgrass genotypic 
monocultures than intraspecific genotypic blends. Simi-
larly, Pinkney et al. (2021) found that turfgrass density was 
greater in intraspecific cultivar blends than monocultures, 
which reduced non-turfgrass plant invasion. Thus, wide-
spread planting of turfgrass monocultures in urban greens-
paces may predispose lawns to attack from and management 
inputs directed at biotic stress factors.

As with many ornamental plants used in urbanized 
landscapes, turfgrass production and maintenance are 
largely driven by the preservation of aesthetic quality and 
uniformity. A common hurdle to manipulating plant diver-
sity for enhanced resilience in agricultural systems is mak-
ing it practical for producers to implement, managers to 
maintain, and result in a marketable product (Landis et al. 
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2000; Tooker and Frank 2012). Since plant species differ 
in phenotype and management requirements, interspecific 
mixtures are a less readily implemented industry solution 
(Lin 2011). Cultivated varieties (cultivars) within a species 
are often similar in appearance and maintenance require-
ments yet possess substantial genetic and moderate pheno-
typic variability that increase resilience to biotic and abi-
otic stress (Tooker and Frank 2012). Moreover, increased 
cultivar diversity may reduce competition for resources 
between neighboring plants due to niche partitioning, ben-
efiting overall planting quality and increasing resource use 
efficiency (Crutsinger et al. 2006; Kotowska et al. 2010). 
Therefore, mixing warm season turfgrass cultivars may 
provide a tractable approach to increasing lawn resilience 
to biotic and abiotic stress factors while meeting industry 
aesthetic and maintenance standards.

Although increasing turfgrass intraspecific cultivar 
diversity may increase its resilience to stress and create 
a more sustainably managed and urban plant system, it 
will only be widely implemented if it meets producer and 
consumer standards. Thus, the objective of this study was 
to determine if mixing intraspecific turfgrass cultivars is 
a viable alternative to warm season turfgrass production 
and management compared to conventional standards. 
To address this, we conducted a four-year field experi-
ment comparing three levels of turfgrass cultivar diver-
sity and quantitatively and qualitatively assessed their 
performance. We hypothesized that mixing turfgrass 
cultivars would increase the aesthetic quality of plant-
ings by increasing density, greenness, and coverage and 
increase the longevity of plantings by increasing turfgrass 
resilience to miscellaneous stress factors. This work will 
inform turfgrass production and maintenance practices 
that translate to less intensive lawn maintenance in urban 
greenspaces in a way that is broadly marketable and 
accepted by the public.

Methodology

Study organism

St. Augustinegrass is a globally distributed warm season 
turfgrass in subtropical and tropical regions of the world, 
with most commercially available genotypes originating 
from breeding programs (Casler and Duncan 2003). St. 
Augustinegrass produces few or no viable seeds so it is veg-
etatively propagated and planted in cultivar monocultures. 
Although St. Augustinegrass cultivars vary in resilience to 
abiotic and biotic stress factors (Casler and Duncan 2003), 
of the cultivars used in this study, ‘Captiva’ is the only one 

with known pest resistance in Florida, USA (to the southern 
chinch bug, Blissus insularis) (Rangasamy et al. 2006).

Study design

To determine the effects of increasing St. Augustinegrass 
cultivar diversity on lawn quality, we conducted a common 
garden field experiment at the University of Florida Plant 
Science Research and Education Center in Citra, FL, USA 
(29.408885, -82.166332). The entire field was composed of 
Candler sand soil and uniformly prepared prior to planting 
by killing all existing vegetation with glyphosate, rotary till-
ing the soil to 15 cm depth, fumigating the soil with sodium 
methyldithiocarbamate, and leaving fallow for 35  days 
before planting. In November 2016, St. Augustinegrass was 
planted in 3 m x 3 m plots at three levels of cultivar diversity, 
monoculture, two-cultivars, and four-cultivars. We planted 
15 replicates of each of the three treatment levels. For these 
treatments, we used six commercially produced cultivars: 
‘Bitterblue’, ‘NUF-76’ (Captiva®), ‘Classic’, ‘Floratam’, 
‘SS-100’ (Palmetto™), and ‘615866’ (Seville™) (Fig. 1A). 
For the monoculture plots, we randomly assigned each of the 
six cultivars in either two or three of the 15 replicate plots. 
The 15 two-cultivar plots were randomly assigned one of 
the 15 possible unique  two-cultivar combinations. There are 
also 15 unique four-cultivar combinations; each of the four-
cultivar plots were randomly assigned one of each combina-
tion. Using all possible cultivar combinations controlled for 
potential cultivar-specific effects, allowing us to test for the 
effects of diversity per se. We did not quantify differences 
among the different cultivar combinations.

To account for potential micro-environmental differ-
ences, our study area was divided into 15 blocks, each 
containing one plot of each diversity level. Blocks were 
designated spatially so that they accounted for potential 
soil variability within the field and were small enough 
(6% of total field area) to minimize soil variability 
between treatment plots within a block. All plots had 
equivalent sun exposure and irrigation. Each plot within 
each block was randomly assigned one of the three cul-
tivar diversity levels, resulting in a randomized com-
plete plot design (N = 45). Each plot was planted with 
100 15 cm diameter plugs spaced 30 cm apart from one 
another. To ensure random but equal distribution of culti-
vars within a mixed-cultivar plot, plots were divided into 
25 4 × 4 plug sections and the chosen cultivars for a given 
plot were randomly planted within each section (Fig. 1). 
All plots were irrigated 3–5 days per week, 6.5 mm per 
application, during establishment. Post-establishment, 
plots were irrigated 3 days per week at 8.5 mm per irri-
gation event. Plots received no fungicide or insecticide 
applications for the duration of the study. Preemergence 
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herbicides were applied to all plots to control non- 
turfgrass plant establishment as needed. Broadleaf forbs 
and sedges that emerged were hand-pulled 3–5 times per 
year across all plots, but effort was not documented. All 
plots were mown weekly at 7.5 to 10 cm cutting height 
from March through November and as-needed Decem-
ber through February. Plots were fertilized every three 
months with 0.45 kg of nitrogen and 1.36 kg of potassium 

per 93  m2. Plots were separated by a 0.5 m alleyway of 
bare soil maintained with glyphosate and manual edging.

Light box image analysis

To quantitatively evaluate turfgrass aesthetic quality, we 
captured digital images within each plot (Fig. 2A) using a 
portable light box (61 cm x 61 cm) and Cannon ProShot 

Fig. 1  (a) Turfgrass plug (green circle) planting arrangement within 
3 m x 3 m plots for monocultures, mixtures of two cultivars, and mix-
tures of four cultivars. Mixed plantings included all possible unique 
cultivar combinations from the pool of six (15 mixtures of two and 
15 mixtures of four). In mixtures of four, cultivar location was rand-

omized per 2 × 2 set of plugs. (b) Aerial photograph of field plot ran-
domized complete block design with 15 blocks, each containing one 
of each treatment. Treatment location was randomized within each 
block. Block layout is indicated by the black boxes

Fig. 2  (a) Lightbox photo 
(61 cm × 61 cm) typical of those 
used for high resolution image 
analyses, (b) Aerial drone photo 
taken September 2017 typical 
of those used for aerial image 
analyses, and (c) photo of field 
plots during the stakeholder 
survey in October 2019. Photo 
credit: (a) Brianna Whitman, 
(b) Joseph Guiliano, (c) Adam 
Dale
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S110 digital camera (Richardson et al. 2001). Images were 
captured once per month from May to December in 2017 
(Year 1 of planting) and June to December in 2019 (Year 3 
of planting). In 2017 we took three independent images in a 
straight line down the center of each plot. In 2019, only one 
image was taken at the center of each plot. All images were 
visually assessed to ensure no errors (e.g., over-exposure, 
blurred). Once curated, each image was analyzed using Turf 
Analyzer (Green Research Services, LLC; Fayetteville, AR, 
USA) image analysis software (Karcher et al. 2019), which 
quantifies agronomic metrics including percent green cover, 
dark green color index (DGCI), color quality, density, uni-
formity, and overall quality. Green cover is determined by 
setting color thresholds that exclude bare ground and dead 
or dying plant tissue and quantifying the number of green 
pixels relative to the total pixels within the image. DGCI is 
an index from 0 to 1 is commonly used as a standardized 
visual quality indicator (Karcher and Richardson 2005). 
Turfgrass density is a measure of the number of green pix-
els per unit area. Uniformity estimates the consistency of a 
turfgrass canopy’s color appearance and provides percent-
age values where higher values indicate greater uniformity. 
Overall turfgrass quality uses a weighted average of meas-
urements of green cover, color, density, and uniformity to 
assign a numeric quality rating from 1 to 9, where higher 
values indicate better quality. Images were batch-analyzed 
based on color thresholds set per date. Since three images 
were taken per plot in 2017, we averaged turfgrass quality 
metrics resulting from those images so that each plot had one 
value associated with each quality metric per date. We aver-
aged light box image metrics across time points, resulting 
in single values per turfgrass metric within each year after 
planting for analyses.

Aerial image analysis

In addition to high resolution close-up images within each 
plot, we captured images of the entire field using aerial drone 
photos (Fig. 2B) to quantify percent green cover and DGCI 
and capture effects of cultivar diversity at the whole plot 
level. A single aerial image was taken approximately 25 m 
above ground using a GoPro Hero 3 mounted to a home-
made 550 mm quadcopter with stabilized gimbal between 
08:00 and 12:00. Within the first twelve months after plant-
ing (Year 1), seven images were taken, one per month, from 
April 2017 to October 2017. In Year 2 after planting seven 
images were taken, one per month, from November 2017 to 
May 2018. In Year 3 after planting five images were taken, 
one in November 2018 and one per month from July to Octo-
ber 2019. Five additional images were captured in the fourth 
year after planting (Year 4), one per month in November 
and December 2019 and February, August, and September 
2020. After curating each image, they were uploaded into 

Field Analyzer (Green Research Services, LLC; Fayetteville, 
AR, USA) image analysis software to quantify percent green 
cover and DGCI using methods described above (Karcher 
et al. 2019). Turfgrass quality metrics were calculated at the 
whole-plot level on each date. Unlike the lightbox images, 
lighting and exposure of each image differed because of var-
ying ambient light conditions at the time each drone photo 
was taken. We manually adjusted the color thresholds on 
each date to ensure that green St. Augustinegrass was not 
excluded from analysis. To ensure that manual threshold 
adjustment did not bias our results, two individuals pro-
cessed and analyzed all images and their results were aver-
aged for statistical analyses. Direct comparisons of plot-level 
results between survey dates must be done cautiously. We 
compared average drone image results between years after 
planting, rather than the months images were captured.

Effects of cultivar composition on turfgrass quality

Three monoculture plots contained ‘Captiva’ St. Augustine-
grass, which at the conclusion of our study 47 months after 
planting averaged 13% live turfgrass cover. No other cultivar  
monocultures averaged less than 94% live plant cover at the 
whole plot level at the conclusion of the study. Based on  
visual symptoms, plant death was suspected to be predomi-
nantly associated with the plant pathogens, Rhizoctonia 
solani and Gaeumannomyces graminis var. graminis. This 
mortality meant that we needed to determine if the effects we 
found associated with experimental treatments were due to 
diversity per se or a trait of one of the selected cultivars. Fif-
teen mixed-cultivar plantings, five in the mixture of two culti-
var plots and ten in the mixture of four cultivar plots, also con-
tained ‘Captiva’. To explore the cultivar-dependent effects of 
cultivar diversity on overall resilience, we compared metrics 
of turfgrass quality and cover quantified by lightbox and drone 
image analyses between cultivar diversity treatments that  
contained or did not contain ‘Captiva’.

Qualitative turfgrass quality evaluations

Although quantitative analysis of images provides objective 
evaluation of the quality, health, performance, and color of 
turfgrass plantings, the turfgrass industry is highly reliant 
on human perception of quality. Therefore, we also captured 
qualitative evaluations of turfgrass quality within our field 
plots to determine how homeowners and turfgrass industry 
professionals perceived cultivar mixtures. On 11 October 
2017 and 9 October 2019, we hosted industry professionals 
at our field plots during a turfgrass science research field 
day to survey their perception of the quality of each plant-
ing. This is an annual event that attracts over 200 turfgrass 
industry professionals from throughout the southeastern U.S. 
Lawncare and sod production professionals were recruited 
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on a volunteer basis to participate in our surveys. In 2017, 
nine plots within three blocks (n = 3 per treatment) in the 
southwestern corner of the field were labeled 1–9 with 
wooden stakes. In 2019, 18 plots within six blocks (n = 6 
per treatment) in the eastern half of the field were labeled 
1–18 with wooden stakes (Fig. 2C). Our objective was to 
capture the perceived quality of a healthy turfgrass lawn at 
varying levels of cultivar diversity. Therefore, blocks that 
contained plots with poorly performing, damaged, or dead 
turfgrass were excluded. All selected plots within each block 
were composed of dense green St. Augustinegrass. Approxi-
mately 20% of 2017 field day attendees participated in the 
2019 field day. To reduce potential biases by researchers 
and returning survey participants, plot cultivar diversity 
and composition was unknown and plots evaluated in the 
2019 survey did not include any plots evaluated in the 2017 
survey.

On both dates, each participant was given a paper 
spreadsheet and asked to rate the quality of each plot using 
the National Turfgrass Evaluation Standard (NTEP) rating 
scale from 1 to 9, where 1 is dead, 6 is minimally accept-
able for a home lawn, and 9 is the highest quality turfgrass 
they could imagine (Morris and Shearman 2007). Once 
complete, participants handed in their anonymous plot 
evaluations, which were later tabulated and curated to elim-
inate those that were incomplete or incorrectly completed. 
Curation resulted in 82 surveys in 2017 and 91 surveys in 
2019. Before participating in or completing either survey, 
participants were unaware of the experimental design, plot 
arrangement, or treatments.

Statistical Analyses

To determine if there was an effect of St. Augustinegrass 
cultivar diversity on turfgrass quality metrics over time, 
as measured by lightbox and drone images, we used linear 
random mixed effects analysis of variance (ANOVA). We 
added plot nested within block to our models as a ran-
dom intercept to account for potential environmental dif-
ferences among blocks and for the lack of independence 
among measurements taken over time from the same plot. 
If the ‘cultivar diversity X year after planting’ interaction 
was not significant (P > 0.05) and removing it from the 
model did not increase AIC values substantially (> 2), it 
was removed to create the most parsimonious model. If 
the interaction term was significant, we created separate 
models for each year after planting with cultivar diversity 
treatment as the main effect and block as a random effect. 
If ANOVA detected a significant effect of cultivar diver-
sity, we conducted pairwise means comparisons between 
each cultivar diversity level using Tukey’s HSD test. All 
model residuals were evaluated to confirm they met the 
assumptions of normality. The only model from lightbox 

and drone image analyses that did not meet the assumptions 
of normality was drone image percent green cover. Because 
of this, the effect of cultivar diversity treatment on drone 
image percent green cover was analyzed separately for each 
year using Wilcoxon non-parametric tests blocked using 
our randomized complete block design. If we detected a 
significant main effect, we used Wilcoxon comparisons for 
each treatment pair to separate treatment means.

The poor performance of the ‘Captiva’ cultivar neces-
sitated that we conduct follow-up analyses to determine if 
any effects of cultivar diversity that we detected were due 
to the presence of the poorly performing cultivar rather 
than effects of cultivar diversity per se. For each metric 
quantified from lightbox and drone images, we used lin-
ear random mixed effects ANOVA, treating cultivar diver-
sity treatment, presence/absence of ‘Captiva’, and their 
interaction as main effects with field plot nested within 
block as random effects. If the interaction between culti-
var diversity treatment and presence/absence of ‘Captiva’ 
was significant (P < 0.05), we analyzed the effect of culti-
var diversity when ‘Captiva’ was present separately from 
the effect of cultivar diversity when ‘Captiva’ was absent, 
again treating field plot nested within block as random 
effects.

We used linear random mixed effects ANOVA to 
compare qualitative turfgrass quality survey responses 
between cultivar diversity treatments. We ran separate 
models for each survey date, one in 2017 and one in 2019. 
We treated cultivar diversity treatment as the main effect 
and survey participant and field plot nested within block 
as random effects. All statistical analyses were conducted 
using JMP Pro Version 15 (SAS Institute Inc., Cary, NC, 
USA).

Results

Light box image analysis

We found no effect of cultivar diversity on turfgrass 
DGCI, color quality, density, or uniformity from lightbox 
images. Turfgrass color and density increased significantly 
from Year 1 to Year 3 (Table 1). However, we did detect 
a significant interaction between cultivar diversity and 
year after planting in their effect on percent green cover 
(P = 0.01) and overall turf quality (P = 0.03). Follow-up 
analyses of the effects of cultivar diversity on percent 
green cover in Year 1 and Year 3 after planting found a 
nearly significant effect in Year 3 (Table 1), where mix-
tures of two (64.7 ± 1.9) and four (64.3 ± 1.8) cultivars 
had approximately 11% greater green cover than mono-
cultures (58.1 ± 2.2). Follow-up analyses of the effects of 
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cultivar diversity on overall turf quality in Year 1 and Year 
3 also found a nearly significant effect in Year 3 (Table 1). 
In Year 3, overall turf quality averaged 10% higher in 
the mixture of four cultivar plots (6.11 ± 0.08) than the 
monoculture plots (5.55 ± 0.14), while mixtures of two 
(5.99 ± 0.10) were no different. The quality of all cultivar 
diversity levels were equal in Year 1 (Fig. 3A).

Aerial image analysis

Drone image analyses results were similar to lightbox 
results, although restricted to percent green cover and DGCI 
(Table 2). There was no effect of year or cultivar diversity 
on DGCI. The effect of cultivar diversity on percent green 
cover depended on year (‘cultivar diversity x year’, P < 0.01). 
Follow-up analyses for each year found no effect of cultivar 
diversity on percent green cover in Year 1 or Year 2 but did 
detect notable differences in Years 3 and 4. Although only 
by 2%, monoculture plots had statistically less green cover 
than the mixed cultivar plots in Year 3 (Table 2, Fig. 4A). 
In Year 4, percent green cover in monoculture plots was 
90 ± 3.0%, while both mixed cultivar treatment plots aver-
aged 97 ± 1.0% cover, which was nearly statistically different 
(Table 2, Fig. 4A).

Effects of cultivar composition on turfgrass quality

Based on lightbox and drone image analyses, the effect of 
cultivar diversity on percent green cover was dependent 
upon the presence of ‘Captiva’ in a planting (Table 3). For 
example, over the study period, lightbox images of ‘Captiva’ 
monocultures averaged 30% less green cover than mixtures 
of four that also contained ‘Captiva’. In contrast, there was 
no difference in percent green cover between monocultures, 
mixtures of two, or mixtures of four cultivars when ‘Captiva’ 
was absent. Similarly, at the whole plot level, four-cultivar 
blends containing ‘Captiva’ had 16% greater percent green 
cover than monocultures of ‘Captiva’ (Fig. 4B). There was 
also an effect of ‘Captiva’ presence on DGCI and color 

Table 1  Lightbox image analysis results. Turfgrass quality metrics 
were compared between cultivar diversity treatments and years 1 and 
3 after planting. If the Cultivar diversity x Year interaction term was 
significant, we compared cultivar diversity levels within each year

Significant differences in factor means are described in the manu-
script text and figures
* ‘Diversity X Year’ interaction term was significant (P < 0.03), so cul-
tivar diversity levels were compared within years

Metric Factor df, dfden F P

Percent green cover* Year 1 2, 42 0.18 0.84
Year 3 2, 42 2.45 0.09

Dark Green Color Index (DGCI) Diversity 2, 42 1.29 0.29
Year 1, 13 1.93 0.19

Color Quality Diversity 2, 42 1.31 0.28
Year 1, 13 4.41 0.05

Density Diversity 2, 42 0.35 0.70
Year 1, 13 5.98 0.03

Uniformity Diversity 2, 42 0.01 0.91
Year 1, 13 0.18 0.68

Overall Quality* Year 1 2, 42 0.14 0.87
Year 3 2, 42 2.14 0.09

Fig. 3  Mean overall turf quality ratings calculated using lightbox 
photos. A) Mean turf quality rating per cultivar diversity treatment 
(different line patterns) at one and three years after planting. Aster-
isk indicates a nearly statistical difference between monocultures and 
mixed plantings (P = 0.09). B) Mean turf quality rating over the entire 

study period per cultivar diversity treatment and separated by the 
presence or absence of ‘Captiva’ (colored bars). Different letters over 
bars of the same color indicate statistical differences among treatment 
levels using Tukey HSD means separation (P < 0.05). Error bars are 
standard error
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quality in lightbox and drone images (Table 3). When plots 
contained ‘Captiva’ they had lower DGCI and color quality 
values. Including the presence/absence of ‘Captiva’ in our 
statistical models also accounted for enough residual vari-
ability in the data for us to detect nearly significant effects 
of cultivar diversity on DGCI and color quality. There was 

no effect of the presence/absence of ‘Captiva’ on turfgrass 
density or uniformity. As we observed with percent green 
cover, the effect of cultivar diversity on overall turfgrass 
quality depended on the presence/absence of ‘Captiva’ such 
that quality increased with cultivar diversity when ‘Captiva’ 
was present, but not when it was absent (Fig. 3B). Mixtures 
of four cultivars containing ‘Captiva’ averaged 33% higher 
overall quality than ‘Captiva’ monocultures.

Qualitative turfgrass evaluations

Visual turfgrass quality ratings by industry profession-
als were fairly consistent between years and with our 
quantitative turfgrass quality results. In general, mixing 
St. Augustinegrass cultivars did not increase or reduce 
perceived turfgrass quality. In 2017, visual quality ratings 
ranged from 3 to 9 with a mean ± SE of 6.7 ± 0.05. Mean 
turfgrass quality ratings were above the minimally accept-
able threshold of 6 for all diversity treatments in 2017. 
We found no statistical difference in turfgrass quality rat-
ings between cultivar diversity treatments  (F2,6 = 0.22, 
P = 0.81). The variability in quality ratings was noticeably 
lower in the plots containing four cultivars (SD = 0.31) 
than those containing two cultivars (SD = 0.96) or one 
(SD = 0.99). In 2019, visual quality ratings ranged from 
1 to 9 with a mean of 6 ± 0.03. Again, we detected no 
statistical difference between cultivar diversity treatments 

Table 2  Aerial drone image analysis results. Turfgrass percent green 
cover and DGCI were compared between diversity treatments and 
years 1, 2, 3, and 4 after planting. If the Cultivar diversity x Year 
interaction term was significant, we compared diversity levels within 
each year

Significant differences in factor means are described in the manu-
script text and figures
* Analyzed using Wilcoxon test because data did not meet the assump-
tions of normality. Years were analyzed separately due to significant 
treatment x year interaction (P < 0.01)

Metric Factor Test Statistic P

Percent green 
cover*

Year 1 �
2

2
 = 0.18 0.91

Year 2 �
2

2
 = 2.42 0.30

Year 3 �
2

2
 = 7.73 0.02

Year 4 �
2

2
 = 4.13 0.10

Dark Green Color 
Index (DGCI)

Diversity F2,42 = 0.36 0.63

Year F3,22 = 0.59 0.70

Fig. 4  Mean percent green plant cover using aerial drone photos. A) 
Mean percent green cover per cultivar diversity treatment (different 
line patterns) on one, two, three, and four years after planting. Aster-
isk indicates statistical difference between monocultures and mixed 
plantings in Year 3 after planting using Wilcoxon comparisons for 
each treatment pair (P = 0.006). B) Mean percent green cover over 

the entire study period per cultivar diversity treatment and separated 
by the presence or absence of ‘Captiva’ (colored bars). Different let-
ters over bars of the same color indicate statistical differences among 
treatment levels using Tukey HSD means separation (P < 0.05). Error 
bars are standard error
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in 2019 plot quality ratings  (F2,15 = 1.19, P = 0.33) and 
quality ratings for four-cultivar blends (SD = 0.39) were 
noticeably less variable than monocultures (SD = 0.94) or 
mixtures of two cultivars (SD = 0.59). However, unlike 

2017, three years after planting, average quality ratings 
for monocultures and mixtures of two cultivars were below 
the minimally acceptable threshold, but not for mixtures 
of four cultivars (Fig. 5).

Table 3  Lightbox and drone image analysis results based on the presence or absence of the poorly performing cultivar, ‘Captiva’. If the cultivar 
diversity x ‘Captiva’ interaction term was significant (P < 0.05), we compared cultivar diversity levels in the presence and absence of ‘Captiva’

* Models were separated by the presence or absence of ‘Captiva’ due to a significant Diversity X ‘Captiva’ interaction (P < 0.05)

Image type Metric Factor Treatment Mean SE Fdf P

Lightbox photos Percent green cover* ‘Captiva’ present 4.872,15 0.02
Monoculture 45.22 a 5.39
Mix of two 62.86 ab 4.18
Mix of four 64.00 b 2.95

‘Captiva’ absent 0.062,24 0.94
Dark Green Color Index (DGCI) Diversity 3.172,41 0.05

Monoculture 0.51 0.00
Mix of two 0.52 0.00
Mix of four 0.52 0.01

‘Captiva’ 1.931,41 0.03
Present 0.50 0.00
Absent 0.52 0.00

Color Quality Diversity 2.932,41 0.06
Monoculture 5.19 0.28
Mix of two 5.64 0.29
Mix of four 6.18 0.35

‘Captiva’ 4.101,41 0.05
Present 4.97 0.26
Absent 5.67 0.21

Density Diversity 0.692,41 0.51
‘Captiva’ 0.891,41 0.35

Uniformity Diversity 0.392,41 0.68
‘Captiva’ 2.031,41 0.16

Overall Quality* ‘Captiva’ present Monoculture 4.40 a 0.41 4.682,15 0.03
Mix of two 5.57 ab 0.32
Mix of four 5.85 b 0.23

‘Captiva’ absent 0.042,24 0.96
Drone photos Percent green cover* ‘Captiva’ present 10.152,15 0.002

Monoculture 84.74 a 2.66
Mix of two 97.35 b 2.06
Mix of four 98.08 b 1.46

‘Captiva’ absent 0.402,24 0.68
Dark Green Color Index (DGCI) Diversity 1.712,41 0.19

‘Captiva’ 6.501,41 0.01
Present 0.43 0.01
Absent 0.45 0.00
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Discussion

A plant community’s resilience to biotic and abiotic stress 
generally increases with diversity (Andow 1991; Knops 
et al. 1999). Intraspecific mixtures likely yield the great-
est diversity-associated benefits but different agronomic 
crops often require different maintenance or have drastic 
morphological differences. Therefore, intraspecific culti-
var blends may yield benefits of plant diversity without 
compromising quality or agronomic practices (Tooker and 
Frank 2012). Although produced and planted worldwide, 
no studies have investigated the effects of mixing intraspe-
cific warm season turfgrass cultivars on plant performance 
and if it may be a tractable approach to increasing lawn 
resilience. Though not as pronounced as we predicted, 
our quantitative and qualitative measures of aesthetic and 
agronomic turfgrass quality suggest that mixing cultivars 
of St. Augustinegrass increases resilience and meets aes-
thetic standards compared to cultivar monocultures. Mix-
ing as few as two cultivars was beneficial compared to 
monocultures, but mixtures of four cultivars stood out 
among our treatments as the most resilient. More spe-
cifically, in the presence of a poorly performing cultivar, 
mixtures of four cultivars had more green cover and were 
of higher quality than cultivar monocultures and this dif-
ference became more pronounced as plantings matured. 
Importantly, our consumer surveys indicate that mixing 
cultivars has no effect on perceived aesthetic quality but 
extends the longevity of an acceptable turfgrass lawn. 
These results suggest that cultivar blends may provide 
a tractable approach to more resilient lawns that require 
fewer monetary, natural resource, and pesticide inputs in 
anthropogenic landscapes.

Although we did not quantify metrics likely weedy plant 
invasion or disease prevalence to directly test the biotic 
resistance hypothesis, our measurements of percent green 

cover and quality indirectly capture this. During the study, 
we did not apply any fungicides or insecticides and all plots 
were periodically uniformly treated with herbicides to con-
trol non-turfgrass plants. Areas of dead plants or bare ground 
within each plot, captured by our image analyses, were due 
to turfgrass decline and non-turfgrass plant colonizers being 
chemically controlled. Furthermore, recent research using 
the same study system found that St. Augustinegrass cul-
tivar monocultures were less dense and thus more suscep-
tible to weedy plant invasion than cultivar blends (Pinkney 
et al. 2021). Although we did not detect an effect of cultivar 
diversity on turfgrass density in this study, density-driven 
effects associated with increased cultivar diversity may have 
influenced our observed turfgrass cover and aesthetic qual-
ity results.

The best illustration of the benefits of cultivar diversity 
was with plots containing the cultivar, ‘Captiva’. Monocul-
ture plots containing ‘Captiva’ averaged 87% dead plant 
material by the end of the study 47 months after planting. 
Despite this high mortality, mixed-cultivar plots containing 
‘Captiva’ displayed resilience by maintaining turfgrass cover 
and quality. Only three mixed-cultivar plots had less than 
70% plot coverage after 47 months, two of which were mix-
tures of two cultivars containing ‘Captiva’. No four-cultivar 
plots had less than 85% live plant cover despite ten of them 
containing ‘Captiva’. Thus, as we predicted, lawn resilience 
increased with increasing cultivar diversity. In application, 
there would be a major difference in economic and natural 
resources used to manage a lawn composed of ‘Captiva’ 
compared to one composed of ‘Captiva’ mixed with three 
other St. Augustinegrass cultivars. As other studies have 
found, the effects of cultivar mixtures are often depend-
ent on their constituent parts (Grettenberger and Tooker 
2016). In this case, ‘Captiva’ was the weak link. However, 
different cultivars may succumb to selection pressures pre-
sent in other regions, different years, or under different 

Fig. 5  Field plot industry professional  perception survey results 
evaluating the aesthetic quality of St.  Augustinegrass  cultivar 
blends (A) one year after planting on 11 October 2017 and (B) three 
years after planting  on  9  October 2019.  Plots were rated from 1 to 

9, where 1 is dead plant material, 6 is a minimally acceptable home 
lawn, and 9 is the highest possible quality. The ‘X’ within each box-
plot indicates the mean. The horizontal dotted line across both panels 
identifies the minimally acceptable aesthetic threshold
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environmental conditions. For example, ‘Floratam’ is the 
only commercial St. Augustinegrass cultivar lethally suscep-
tible to a sugarcane mosaic virus (SCMV) necrosis that is 
highly problematic in parts of south Florida, USA (Harmon 
et al. 2015). Our results suggest that under this SCMV selec-
tion pressure, ‘Floratam’ monocultures would die while cul-
tivar blends containing ‘Floratam’ would sustain turfgrass 
coverage. Thus, future investigations should explore which 
cultivar combinations exhibit the greatest resilience and 
performance, and how this changes geographically where 
selection pressures vary.

Although potential niche partitioning and ecosystem 
functioning benefits are likely greater by increasing inter-
specific diversity, sufficient evidence from other systems 
exists to anticipate some degree of benefits associated with 
intraspecific diversity. Cultivar diversity in other plant sys-
tems can interact with soils to affect plant quality and resil-
ience through its effect on nutrient cycling and availability 
(Stork and Eggleton 1992). Plant productivity is one result of 
this, where plant biomass and yield may increase with diver-
sity. For example, greater biomass (Kotowska et al. 2010) 
and belowground root mass (Dudley and File 2007) has been 
associated with increasing genotypic diversity. Plant species 
and genotypes can also differ in their ability to uptake and 
utilize important soil nutrients (Le Gouis et al. 2000), which 
may improve plant productivity and translate to enhanced 
aesthetic value. For example, Kentucky bluegrass cultivars 
vary in their uptake of phosphorus and potassium (Mehall 
et al. 1983). This variation in soil nutrient uptake can facili-
tate more efficient use of nutrients and reduce competition 
between individual plants for resources (Crutsinger et al. 
2006). Increased vigor from cultivar mixtures could in part 
account for the improved visual quality observed in our St. 
Augustinegrass diversity treatments. Future investigations 
should explore belowground effects of turfgrass cultivar 
blends to identify potential mechanisms associated with 
resilience.

Although our consumer surveys indicate that mixing turf-
grass cultivars has little effect on perceived aesthetic quality, 
mixtures of four cultivars were the only treatment whose 
mean quality rating was above the minimally acceptable 
turfgrass quality threshold three years after planting. This 
confirms that cultivar blends may provide a readily imple-
mented solution for creating more resilient and sustainably 
managed turfgrass lawns and suggests that cultivar homog-
enization may not be necessary to meet consumer and indus-
try demands. This finding also suggests that cultivar blends 
may prolong consumer satisfaction with a turfgrass lawn 
composed of four cultivars compared to mixtures of two or 
monocultures. It is important to note that our results repre-
sent the effects of mixing highly advanced genotypes that are 
well adapted to local conditions. The cultivars used in this 
study were similar in color, but included low-growing dwarf 

varieties, varieties with narrow and broad leaves, and those 
with very upright growth forms. Mixing plants that vary 
in architecture is likely beneficial, forming denser stands 
(Pinkney et  al. 2021). However, some cultivars exhibit 
quite different colors so their blends may not be market-
able despite having other benefits linked to genetic diversity. 
Thus, we still need to determine the degree to which ben-
efits of cultivar diversity apply to other cultivars or species. 
Arguably the most successful cultivar blends would combine 
cultivars with complimentary phenotypes and known resist-
ance to the most damaging pests to achieve associational 
resistance benefits and maximize the planting’s resilience 
(Barbosa et al. 2009). The cultivars used in this study varied 
in genetic adaptations but exhibited no documented resist-
ance to key pests. Thus, our results are more representative 
of the effects of diversity, per se, than associational resist-
ance. Since cultivar development takes decades from geno-
type isolation to commercial availability, cultivar blends 
provide a ready-made solution using commercially avail-
able genotypes, creating what could be considered a premier  
turfgrass lawn in urban greenspaces.

Conclusions

As rapid urbanization continues, concerns over biodiversity 
loss, natural resource depletion, and environmental contami-
nation will only increase (Wagner 2020). Turfgrasses are 
ubiquitous urban plant systems that lack plant diversity and 
are associated with frequent natural resource and pesticide 
use yet are a default component of many urban greenspaces. 
This study provides the first evidence that, compared to 
conventional warm season turfgrass cultivar monocultures, 
lawns composed of intraspecific cultivar blends may be a 
viable approach to reducing unintended negative environ-
mental consequences associated with lawn management. 
Other approaches like reducing mowing frequency (Lerman  
et al. 2018), creating interspecific mixtures, or replacing 
turfgrass with flowering forbs (Smith and Fellowes 2014) 
can reduce costs, pests, and carbon emissions (Watson et al. 
2019) while increasing biodiversity. Although such alterna-
tives provide highly valuable benefits, in many cases they are 
a drastic shift in social norms, provide different ecosystem 
services, and fulfill different values. Such deviations from 
social norms, particularly within large industries so inti-
mately woven into society, can be difficult to implement on 
large scales or not feasible for many circumstances (Li and 
Nassauer 2020). For example, converting residential lawns 
to meadows can increase biodiversity (Chollet et al. 2018), 
but may also conflict with consumer values like usability 
and safety (Turo and Gardiner 2019). Although not meas-
ured in this study, increasing lawn cultivar diversity (i.e., 
genetic diversity) may also have undocumented effects on 
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biodiversity (Wimp et al. 2004; Johnson et al. 2006), which 
could have important implications for urban biodiversity 
conservation. Applying biodiversity concepts to lawns is 
important for more sustainable anthropogenic landscapes 
(Thompson and Kao‐Kniffin 2017) but it must be accom-
plished by providing a spectrum of solutions that deviate 
from the norm, including the aforementioned alternative 
lawn approaches. Turfgrass cultivar blends provide one 
readily implemented alternative lawn approach that could 
protect biodiversity and natural resources by reducing pes-
ticide and maintenance inputs in urban greenspaces without 
compromising the agronomic or consumer values linked to 
turfgrass use or the urban aesthetic.
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