Utah State University

Digital Commons@USU

All Graduate Theses and Dissertations Graduate Studies

5-2021

Mechanisms of Overyielding and Coexistence in Diverse Tallgrass
Prairie Communities

Leslie E. Forero
Utah State University

Follow this and additional works at: https://digitalcommons.usu.edu/etd

b Part of the Agronomy and Crop Sciences Commons, and the Ecology and Evolutionary Biology

Commons

Recommended Citation

Forero, Leslie E., "Mechanisms of Overyielding and Coexistence in Diverse Tallgrass Prairie Communities”
(2021). All Graduate Theses and Dissertations. 8018.

https://digitalcommons.usu.edu/etd/8018

This Dissertation is brought to you for free and open

access by the Graduate Studies at

DigitalCommons@USU. It has been accepted for

inclusion in All Graduate Theses and Dissertations by an /[x\

authorized administrator of DigitalCommons@USU. For N . .
more information, please contact élla' ,()Al UtahStateUniversity

digitalcommons@usu.edu. { MERRILL-CAZIER LIBRARY


https://digitalcommons.usu.edu/
https://digitalcommons.usu.edu/etd
https://digitalcommons.usu.edu/gradstudies
https://digitalcommons.usu.edu/etd?utm_source=digitalcommons.usu.edu%2Fetd%2F8018&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/103?utm_source=digitalcommons.usu.edu%2Fetd%2F8018&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/14?utm_source=digitalcommons.usu.edu%2Fetd%2F8018&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/14?utm_source=digitalcommons.usu.edu%2Fetd%2F8018&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.usu.edu/etd/8018?utm_source=digitalcommons.usu.edu%2Fetd%2F8018&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@usu.edu
http://library.usu.edu/
http://library.usu.edu/

MECHANISMS OF OVERYIELDING AND COEXISTENCE IN DIVERSE
TALLGRASS PRAIRIE COMMUNITIES
by
Leslie E. Forero

A dissertation submitted in partial fulfillment
of the requirements for the degree

of
DOCTOR OF PHILOSOPHY
in
Ecology

Approved:
Andrew Kulmatiski, Ph.D. Jeanette Norton, Ph.D.
Major Professor Committee Member
Karen H. Beard, Ph.D. Peter Adler, Ph.D.
Committee Member Committee Member
Linda Kinkel, Ph.D. D. Richard Cutler, Ph.D.
Committee Member InterimVice Provost

of Graduate Studies

UTAH STATE UNIVERSITY
Logan, Utah

2021



Copyright © Leslie Forero 2021

All Rights Reserved

i



111

ABSTRACT

Mechanisms of Overyielding and Coexistence in Diverse Tallgrass Prairie Communities

by

Leslie E. Forero, Doctor of Philosophy
Utah State University, 2021

Major Professor: Dr. Andrew Kulmatiski
Department: Wildland Resources

Despite extensive research, the biodiversity paradox (the tendency of species to
coexist despite competition) remains a central ecological enquiry. Coexistence at
increasingly high diversity is associated with ecological benefits, including a saturating
increase in aboveground biomass produced. Despite decades of research, the mechanisms
driving this relationship, known as the biodiversity-productivity relationship, remain
unexplained. Spatiotemporal partitioning of resources is a commonly invoked mechanism
explaining coexistence and the overyielding associated with the biodiversity-productivity
relationship. However, recent research suggests that soil pathogens and soil symbionts
may be key players in the biodiversity-productivity relationship, making interactions
between plants and soil biota, or plant-soil feedbacks (PSFs), a key area of interest when
studying coexistence and productivity.

Our experimentation on the role of PSFs in the biodiversity-productivity
relationship in greenhouse conditions found that PSFs improved predictions of biomass

production by 9% and accounted for 23% of overyielding due to complementarity.



v
However, the results from our research on the applicability of greenhouse PSF to field-
observed community data call the utility of this research into question. We found no
significant correlation between greenhouse- and field-measured PSF at the soil, site, or
species level. Thus, field experimentation is needed to understand the biodiversity-
productivity relationship as observed in the field. When greenhouse experiments on PSFs
in the biodiversity-productivity relationship were replicated in the field, we found PSF-
informed models were 5% more accurate in predicting the variation in productivity than
Null models, but PSFs could only explain 9% of overyielding due to complementarity.
This implies that PSFs play a weak role in the biodiversity-productivity relationship in
the field. An investigation of vertical niche partitioning in the same system found that
nitrogen and water uptake profiles when adjusted by water-use and nitrogen-use
efficiencies were correlated with species productivity on the landscape. This suggest that
niche partitioning plays an important role in species growth and productivity in multi-
species communities. However, further research on niche partitioning’s role in the
biodiversity-productivity relationship, and on how mechanisms of overyielding interact,
will be needed to fully understand the biodiversity-productivity relationship.

(196 pages)



PUBLIC ABSTRACT

Mechanisms of Overyielding and Coexistence in Diverse Tallgrass Prairie Communities
Leslie E. Forero
Plants compete for the same basic nutrient and water resources. According to the

competitive exclusion principle, when a substantial overlap in resource pools exists, the
best competitor for resources should drive all other species to extinction. The ability for
plants to coexist in violation of the competitive exclusion principle is the “biodiversity
paradox”. Coexistence is actually beneficial for plants: as species diversity increases, you
typically see increases in plant biomass production (known as the biodiversity-
productivity relationship). The mechanisms behind coexistence and the biodiversity-
productivity relationship remain an ecological mystery. One hypothesis is that plants
obtain water and nutrients from different places in the soil, which reduces competition
and results in plants coexisting and thriving by exploiting more spaces in the soil.
Another hypothesis is that plants alter the soil in which they grow to their own detriment
by accumulating species-specific soil pathogens or reducing soil nutrient levels. These
plant-altered soils reduce the growth of species that are becoming too dominant in a plant
community, creating a plant-soil feedback (PSF) effect that maintains biodiversity and
increases productivity. I explored the role of PSFs and niche partitioning in coexistence
and the biodiversity-productivity relationship. I investigated 1) how PSFs affect the
biodiversity-productivity relationship in controlled greenhouse experiments, 2) whether
greenhouse experiments are the best method to measure the role of PSFs in biodiverse
communities in the field, 3) how PSFs affect the biodiversity-productivity relationship in

diverse plant communities in the field, and 4) how partitioning of soil nitrogen and soil



vi
water affect coexistence and plant productivity.

Greenhouse experimentation suggested PSFs influence productivity and the
biodiversity-productivity relationship, but PSFs when measured in the greenhouse were
not correlated with PSFs that were measured in the field. This implies PSFs should be
measured in the field when trying to predict coexistence or the biodiversity-productivity
relationship as observed in the field. Our ability to predict coexistence and productivity in
the field was slightly improved by the inclusion of PSFs. However, partitioning of soil
water and soil nitrogen was strongly correlated with landscape productivity in the same

system, indicating that PSFs are not the dominant mechanism of these phenomena.
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CHAPTER 1

INTRODUCTION

Plants compete for the same resources: soil nutrients, soil water, and light. They
acquire these same resources in similar ways (Silvertown 2004). Classical ecological
theory suggests that when organisms compete for the same resources using the same
strategies, stable coexistence is impossible (Gause 1932; Hardin 1960). Despite
competing for the same resources using the same strategies, different plant species
coexist, and even thrive (Tilman et al. 2001). This is termed the “biodiversity paradox.”

There are ecological benefits associated with coexistence. Compared to
monocultures, diverse plant communities are more stable over time, more resistant to
ecological invasion, and on average produce more biomass in a given year (Tilman &
Downing 1994; Tilman et al. 2001; Kennedy et al. 2002). The tendency for diverse plant
communities to produce more biomass in a given year than monocultures, known as the
biodiversity-productivity relationship, has a long history in ecological research, and was
even mentioned in The Origin of Species (Darwin 1859). Observational studies remarking
on the greater productivity of biodiverse ecosystems like deciduous forests when
compared to low-biodiversity ecosystems like cornfields proliferated in the 50’s, 60’s,
and 70’s (Odum 1953; Whittaker 1969; Trenbath 1974). However, the first controlled
experiments manipulating biodiversity and observing productivity were not established
until the early 90’s (Hooper & Vitousek 1997; Hector et al. 1999; Tilman et al. 2001).

The results from controlled biodiversity-productivity experiments were
unequivocal: more diverse plant communities typically produce more biomass than

monocultures. However, the mechanisms behind the observed biodiversity-productivity



relationships were hotly debated. Adherents to the concept of biodiversity enhancing
ecosystem function hypothesized the biodiversity-productivity relationship was due to
complementarity effects, or interactions between species that enhanced productivity
(Tilman et al. 1997). Skeptics argued that biodiversity-productivity relationships reported
by these newly installed biodiversity-productivity experiments could be a selection effect,
caused by the greater probability of high-biodiversity treatments to contain a high-
yielding species (Aarssen 1997; Garnier ef al. 1997). A modified Price Equation was
developed to parse biodiversity effects into complementarity and selection effects. The
model found that the selection effect is typically zero on average, while complementarity
is typically positive overall (Loreau & Hector 2001; Cardinale ef al. 2007). This method
for parsing selection effects from complementarity is unable to identify exactly what
complementarity mechanisms are responsible for the observed biodiversity effect.
Potential interactions between species generating the biodiversity-productivity
relationship are myriad and include niche partitioning, and pathogen accumulation (van
Ruijven & Berendse 2005; Schnitzer ef al. 2011; Kulmatiski ef al. 2012).

The role of niche partitioning as a mechanism of coexistence and productivity is
not as clear in plant communities as in animal communities because unlike animals,
plants compete for the same resources using the same strategies (Silvertown 2004). One
possible niche partitioning strategy available to plants is spatial or temporal
diversification in resource acquisition; if plants obtain resources from different soil
depths or at different times of year, they can minimize competition with each other
(McKane et al. 2002). However, studying uptake of soil resources is difficult because

rooting distributions are not associated with resource uptake. It is also near impossible to



determine species-specific identities if roots do not have a unique trait such as color
variation (Tobar ef al. 1994; Marulanda et al. 2003). Stable isotope tracer approaches
suggest that spatiotemporal niche partitioning can play a role coexistence (McKane ef al.
2002; Kulmatiski & Beard 2013; Mazzacavallo & Kulmatiski 2015). However, the role
of spatiotemporal niche partitioning in community productivity is not well resolved, with
some studies suggesting it is important for productivity across a landscape, and other
studies suggesting that niche overlap and community productivity are not related (von
Felten et al. 2009; Barry et al. 2020; Kulmatiski et al. 2020).

Plant-specific soil pathogens have been suggested as a potentially important
mechanism explaining coexistence and the biodiversity-productivity relationship (Maron
et al. 2011; Schnitzer et al. 2011). In highly diverse plant communities, an individual
plant has a low chance of growing near another plant of the same species, and thus a low
chance of contracting a species-specific soil pathogen from conspecifics. Conversely, in
monocultures, an individual plant has a high chance of growing near another plant of the
same species, and a high chance of contracting species-specific soil pathogens that may
be present. This may contribute to the maintenance of coexistence and the biodiversity-
productivity relationship by density-dependent limitations on survival and growth
(respectively) of conspecifics and enhanced survival and growth of heterospecifics
(Schnitzer et al. 2011; Eck et al. 2019). However, microbial life in soils is incredibly
complex with many functional groups and trophic levels (Wall ef al. 2010). Species-
specific symbionts like Rhizobia are common within certain functional groups and
arbuscular mycorrhizal fungi are near-ubiquitous in the soil (Rillig 2004; Revillini et al.

2016). Decomposers can change plant growth and survival by altering litter quality
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(Ayres et al. 2009). Suggesting that species-specific plant pathogens are the only microbe
influencing coexistence and the biodiversity-productivity relationship is an
oversimplification; it also fails to explain the full range of variation within the
biodiversity-productivity relationship. For example, pathogens as a mechanism of the
biodiversity-productivity relationship only explain high-yielding high diversity plots and
low-yielding low-diversity plots. However, approximately 20% of biodiversity-
productivity observations do not follow this trend and are high-yielding at low diversity
or low-yielding at high diversity (Cardinale ef al. 2007). Effects of species-specific
symbionts and mutualists could explain these high-yielding low diversity and low-
yielding high diversity observations, but because of the complexity of life in the soil,
separating the effects of individual mutualists, decomposers, and pathogens is difficult
(Kulmatiski ef al. 2012).

Despite this complexity, it is possible to describe the net effect of both positive
and negative interactions between plants and soil organisms using a plant-soil feedback
(PSF) bioassay. PSF experiments are typically implemented in two phases. During the
first phase, plant-specific soil types are created by growing target species in a common-
garden soil. As the target species grow, they alter the soil microbial community within
the soil. At the end of Phase 1, the target species are removed, but the altered soil
microbial community remains. During Phase 2, target species are grown on soils
cultivated either by the same target species (“home” or “self” soils), or on soils that were
cultivated by a different target species (“away” or “other” soils). Plant growth on “self”
soils is compared to growth on “other” soils; plants that experience increased growth on

“self” soils compared to “other” soils have a positive PSF and plants that experience



decreased growth on “self” soil compared to “other” soils have a negative PSF (Bever
1994). Plant species with a negative PSF would be anticipated to produce low biomasses
at low diversity and high biomasses at high diversity; conversely, plant species with a
positive PSF would produce high biomasses at low diversity and low biomasses at high
diversity. A meta-analysis of PSF literature suggests that roughly 75% of species
experience negative PSF and 25% of species experience positive PSF (Kulmatiski et al.
2008). This is broadly consistent with the patterns of overyielding (80%) and
underyielding (20%) observed in a meta-analysis of biodiversity-productivity literature
(Cardinale et al. 2007). In addition, mathematical models predicting patterns of
overyielding and underyielding from observed PSFs suggest a direct negative relationship
between PSF and overyielding, i.e. a community consisting of plants with an average PSF
of -0.5 would be predicted to overyield by 50% (Kulmatiski et al. 2012).

Although PSFs are a compelling potential mechanism of coexistence and the
biodiversity-productivity relationship, they are notoriously variable (De Long et al.
2019). PSFs have been observed to vary depending on time of experiment, amount of
biotic and/or abiotic stress, and experimental methodology (Hawkes ef al. 2013; Schittko
et al. 2016; Beals et al. 2020). It has been suggested that experiments investigating PSFs
as a putative mechanism of plant community dynamics in the field should be
implemented in the field (Heinze et al. 2016). Despite this, the majority of PSF
experiments take place in short-term, low-stress greenhouse conditions (Kulmatiski &
Kardol 2008).

The overarching goal of this research was to advance our understanding of the

mechanisms driving coexistence and the biodiversity-productivity relationship. To do



this, we 1) performed a pilot greenhouse study assessing the role of PSF in the
biodiversity-productivity relationship, 2) determined the applicability of PSF measured in
the greenhouse toward PSF measured in the field, 3) assessed the role of PSFs in the
biodiversity-productivity relationship using a field experiment, and 4) measured niche
partitioning within the same study system to quantify niche differentiation and its role in

coexistence and biomass production.
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CHAPTER 2

PLANT-SOIL FEEDBACKS HELP EXPLAIN BIOMASS PRODUCTION IN

COMMUNITIES'

ABSTRACT

1.

Plant productivity often increases with species richness, but the mechanisms
explaining this biodiversity-productivity relationship are not fully understood. We
tested whether or not plant-soil feedbacks (PSF) can help explain how biomass
production changes with species richness.

Using a greenhouse experiment, we measured all 240 possible PSFs for 16 plant
species. A suite of plant community growth models, parameterized with (PSF) or
without PSF (Null) effects, was used to predict plant growth in 49 separately
grown unique plant communities with assigned species richnesses of one to 16
species. Selection effects and complementarity effects in modeled and observed
data were separated.

Plants created soils that changed subsequent plant growth by 25%, but because
PSFs were negative for C3 and Cs4 grasses, neutral for forbs, and positive for
legumes, the net effect of all PSFs was a 2% decrease in plant growth.
Complementarity caused 16-species communities to produce 10.7 g (i.e. 34%)
more biomass than monocultures. Null models incorrectly predicted that 16-
species communities would overyield due to selection effects. Adding PSF effects

to Null models decreased selection effects, increased complementarity effects,

' Forero L. E., Kulmatiski, A., Grenzer, J., & Norton, ] .M. Plant—soil feedbacks help
explain biomass production in communities. /n preparation.
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and improved correlations between observed and predicted community biomass.
PSFs explained 2.5 g of the 10.7 g (23%) of complementarity-caused overyielding
observed in experimental communities. Relative to Null models, PSF models
improved predictions of the magnitude and mechanism of the biodiversity-
productivity relationship. Results provide clear support for PSFs as one of several
mechanisms that determine biodiversity-productivity relationships and help close
the gap in understanding how biodiversity enhances ecosystem services such as
biomass production.

4. Synthesis. Plant-soil feedbacks are a minor contributor to the biodiversity-
productivity relationship, explaining 23% of complementarity-caused
overyielding. Further research quantifying the role of other complementarity
mechanisms will be needed to fully understand the biodiversity-productivity

relationship.

1. INTRODUCTION

Experimental plant communities with high species richness often produce twice
as much aboveground biomass as monocultures (Jochum et al., 2020; Tilman et al.,
2001). Research on this diversity-productivity relationship began as a test of niche
partitioning as a mechanism of overyielding, but it has become clear that other
mechanisms are also important (Mahaut et al., 2020; Weisser et al., 2017). Overyielding
occurs when species produce more biomass in communities than would be predicted from
monocultures. In addition to niche partitioning, selection effects have been suggested as a
mechanism of overyielding. Selection effects occur because productivity species are

more likely to be present in more-diverse communities than less-diverse communities
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(Aarssen, 1997). While important, niche partitioning and selection effects remain difficult
to quantify (Barry et al., 2019; Clark et al., 2019; Mueller et al., 2013) and explain only a
modest proportion of the large amount of variation in biomass production in diversity-
productivity experiments (Cardinale et al., 2007; Hector et al., 2002). For example, niche
partitioning and selection effects are unlikely to explain why roughly 20% of plant
communities underyield (Cardinale et al., 2007; Kulmatiski et al., 2012). Despite more
than two decades of research, the relative contributions of distinct mechanisms generating
the diversity-productivity relationship remains unresolved (Cardinale et al., 2012; Mahaut
et al., 2020; Tilman et al., 1996).

In addition to complementarity and selection effects, soil pathogens have been
suggested as an additional mechanism of overyielding (Maron et al., 2011; Schnitzer et
al., 2011). Species-specific soil pathogens can be expected to cause overyielding if they
decrease plant growth more in monocultures than species-rich communities (Maron et al.,
2011; Schnitzer et al., 2011; van Ruijven et al., 2020). While promising, a focus on
species-specific pathogen effects ignores the complex array of interactions that occur
between plants and soils (i.e. plant-soil feedbacks or PSFs, Bever 1994; van der Putten &
Peters 1997; Ehrenfeld et al. 2005). Species-specific plant symbionts, generalist
pathogens, and even decomposers can have large effects on plant productivity
(Eisenhauer et al., 2012; Helander et al., 2018; Revillini et al., 2016). The suite of
positive and negative interactions between plants and soil organisms are typically
described using a bioassay approach in which plant growth on ‘self-cultivated’ soils is
compared to plant growth on soils cultivated by other plant species (Brinkman et al.,

2010; Rinella & Reinhart, 2018; van der Putten et al., 2013). This PSF approach provides
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a quantitative measure of the net effect of positive and negative plant-soil interactions
(Bennett & Klironomos, 2019; Bever, 1994).

While two-phase experiments remain the standard in PSF research (Rinella &
Reinhart, 2018), several approaches have been used to describe the role of plant-soil
interactions in diversity-productivity relationships (Cowles, 2015; Guerrero-Ramirez et
al., 2019; Hendriks et al., 2013; Wang et al., 2019). Schnitzer et al. (2011), Maron et al.
(2011), and Wang et al. (2019) found that diversity-productivity relationships develop in
high-diversity microbial communities but not in low-diversity microbial communities.
Similarly, Guerrero-Ramirez et al. (2019) found that plant growth was suppressed in soils
from monoculture communities but not in soils from polyculture communities. These
findings support a role of for plant-soil interactions in the diversity-productivity
relationship, but complete removal of soil pathogens and shifts from high-diversity to
low-diversity plant and microbial communities used in those experiments are likely to
exaggerate PSF effects (Forero et al., 2019; Kulmatiski et al., 2008). We are aware of one
study that used a two-phase PSF approach to support a role for PSF in diversity-
productivity relationships, but that study only tested effects in three-species community
(Kulmatiski et al., 2012). There remains a need for a test of PSF effects in diversity-
productivity relationships for many plant species under experimental conditions that do
not make dramatic changes to soil communities through sterilization and inoculation.

The overarching goal of this research was to determine the role of PSFs in the
diversity-productivity relationship. Using a factorial, two-phase greenhouse experiment,
we measure all 240 possible PSFs for 16 plant species (Brinkman et al., 2010; Kulmatiski

& Kardol, 2008; Rinella & Reinhart, 2018). A suite of plant community growth models
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was parameterized either with or without PSF values to describe PSF effects on the
diversity-productivity relationship (Kulmatiski et al., 2012). Model predictions were
compared to plant growth observed in a new greenhouse diversity-productivity

experiment and to an existing field-based diversity-productivity experiment.

2. MATERIALS AND METHODS

Two greenhouse experiments were performed: a PSF experiment and a diversity-
productivity experiment. Both experiments were designed to match a diversity-
productivity experiment at Cedar Creek Ecosystem Science Reserve Long Term
Ecological Research Site, East Bethel, Minnesota, U.S.A. Pairing studies allowed us to
test whether greenhouse data provided inference to the field experiment. Four C; grasses,
four C4 grasses, four legumes, and four non-leguminous forbs used in the Biodiversity II
Experiment were selected for use in this study (Table 2-1, Tilman et al. 2001). Five
species that together represented less than 3% of the biomass in the Biodiversity II
experiment were excluded from our PSF and diversity-productivity experiments due to
lack of seed availability (4sclepias tuberosa L., Dalea villosa Nutt., Dalea candida
Michx.) and poor growth in previous experiments (Quercus macrocarpa Michx.,
Quercus ellipsoidalis E. J. Hill) (Ownbey & Morley 1991). Seeds were purchased from
Prairie Moon Nursery (Minnesota, USA), Granite Seed (Utah, USA), and Prairie
Restorations Inc. (Minnesota, USA). Seeds were treated with a 5% bleach solution for
two minutes and germinated on paper in growth chambers before being planted in the
greenhouse. L. capitata, L. perennis, D. purpurea and A. canescens were scarified prior

to being placed in the growth chamber. 4. gerardii, A. canescens, S. rigida, P. pratensis,
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A. millefolium, K. macrantha, E. canadensis, M. fistulosa, and D. purpurea were
germinated under a cool-season treatment (12 hours in light at 20° C and 12 hours in
darkness at 15° C). S. scoparium, L. perennis, P. smithii, P. virgatum, S. nutans, and L.

capitata were germinated under a warm-season treatment (12 hours in light at 30° C and

12 hours in darkness at 20° C).

2.1 PSF Experiment

Roughly 600 L soil from an area adjacent to the Biodiversity Il experiment was
dried in a 31° C room for two months, then shipped to the Utah State University Crop
Physiology Lab, Utah, U.S.A. A 6:1 mixture of loamy sand and sphagnum peat (Miller
Companies, LLC, Hyrum, Utah) was steam sterilized twice for three hours. After cooling,
field soil was added to this sand/peat mix to create a growth medium with 10% field soil
by volume. This growth medium was used to fill 2,720 pots (950 mL, 7.6 cm x 7.6 cm X
20.3 cm; Steuwe & Sons, Oregon, USA). Four seedlings of each species were planted
into 170 randomly-assigned pots. Plants were grown at 25° C under an equal photoperiod
under 1000W double-ended high pressure sodium lamps (Gavita Pro 1000 DE, Aalsmeer,
The Netherlands). Once a month, 70 mL of a modified Hoagland solution (Peter’s 21-5-
20, 100 ppm N) was applied to each pot to prevent chlorosis. Plants were watered when
the soil surface was dry, at least once per week. After one month, the two smallest
seedlings were removed. Trays holding 25 pots were rotated through the greenhouse once
per month, although treatments of trays were not blocked in any way and species were
randomly distributed within the trays. Plants were grown 6 months, then clipped. Re-

sprouting roots were pulled and placed back into the pot of origin. Of the 2,720 planted
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pots, 254 were discarded due to a lack of target plant growth and 2,466 were re-planted in
Phase 2. In Phase 2, each species was planted in 16 to 35 replicate pots that had grown
the same species in Phase 1 (i.e., self-cultivated soils or ‘self” treatment) and three to nine
replicate pots with soils cultivated by each of the 15 other species in the experiment (i.e.,
other-cultivated soils or “other” treatment), depending on the success of the Phase 1
treatment. Plants were grown for six months, aboveground biomass was clipped and dried

to constant weight at 60 °C and weighed to the nearest 0.1 g.

2.2 Biodiversity-Productivity Experiment

In the same greenhouse and at the same time, 190 12-L pots (22.9 cm in diameter
x 39.4 cm high, Stuewe & Sons, Oregon, USA) were planted with a total of 16 seedlings.
Each pot contained species from one of five different species richness levels (1, 2, 4, 8, or
16 species). Monocultures were planted in 4 replicate pots and 16-species communities
were planted in 30 replicate pots. Thirty-two different communities with two, four or
eight species were each planted in three replicate pots. Forty of the 49 communities were
identical to communities planted in Biodiversity II, seven lacked the uncommon species
noted above, and monocultures of S. rigida and M. fistulosa were added to this
experiment because they were accidentally excluded from the original Biodiversity II
experiment due to a seeding error (Fargione, 2004). Plants were grown for eight months,
then aboveground biomass was clipped, sorted by species, dried to constant weight at 60

°C, and weighed to the nearest 0.1 g.
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2.3 Calculating and Analyzing PSFs
The PSF experiment was primarily used to parameterize growth rates in the

community growth models, but we also report PSF values because they are a common
metric that allow comparisons among PSF experiments. PSFs were calculated using the
method S — 0 /max(S, 0) where S represents biomass produced in the response phase on
“self” soils and O represents biomass produced in the response phase on “other” soils
(Brinkman et al., 2010). Because ‘self’ and ‘other’ sample sizes differed and ‘self” and
‘other’ pots were not inherently paired, bootstrapping was used to calculate mean and
confidence intervals for PSFs using the command sample n from the R package ‘dplyr’
(Schittko et al., 2016; Wickham et al., 2020). Values with confidence intervals that did
not overlap zero were considered positive or negative, as appropriate. Bootstrapping was
used to describe the 240 soil*species PSF values. To describe species-level PSF (i.e.,
across 15 soil types), we report the mean and standard error of PSF values across soil
types. To test whether or not species-level PSF differed from zero a one-way student’s t-
test in R was used. The same one-way student’s t-test was used to test whether or not soil
types resulted in negative or positive PSF and to test if plant functional groups

demonstrated positive or negative PSFs.

2.4 Modeling Approach

Mathematical models founded on logistic equations were used to describe species
and community biomass over time. Plant community models described in Kulmatiski et
al. (2011) and Kulmatiski et al. (2016) were used. To test PSF effects on plant
community growth, models were parameterized so that each plant species had either one

growth rate for all soil types (Null models) or a different growth rate for each soil type
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(PSF models). For both PSF and Null models, a suite of simulations was performed in
which five different carrying capacities were used. Both PSF and Null models describe
plant growth logistically in a discrete time-step model, where growth is a function of
abundances of different soil types. For example, the growth rate of species A on soil a is
described as I'aq = 52\/A(1/I, where Ao = the final biomass of plant A on soil a, I = initial
seed mass, and 52 represents the number of timesteps in the discrete model. Plant growth
in any timestep is the mean of growth rates associated with each soil type present in the
previous timestep, weighted by the relative abundance of each soil type (where ‘soil type’
is defined by the identity of the plant species that cultivated that soil). For example, for
plant A across soil types a through 1, growth would be TAt=TAa Pa + TABPB+ ... +
I'A1 Py; and for plant B across all soil types, growth would be I'Bt =I'Ba Pa. + I'Bp PP +
... + I'Bt P1. A carrying capacity k limited plant growth; the carrying capacity could be
unique to either a species or to the community as a whole. Changes in each plant’s
biomass can be described as Aw1 = At + ['A¢ ((K-Ar)/K), Bir1 = By + I'Bt ((k-By)/x).

Soil types grow as a function of plant growth in the previous timestep: for
example, soil type a growth is calculated as a1 = (1 + pl'acA¢) oy for soil type B growth
is calculated as Bi+1 = (1 + uI'sBy) Bt. The parameter p represents a conversion factor
between microbial biomass and plant biomass (Appendix A Table A-1). Microbial
growth was not limited by a carrying capacity because microbial proportional abundances
(i.e., 0 to 1) are used to determine plant growth responses to soil type, so the absolute size
of different microbial communities does not affect plant growth.

Null models included only one growth rate on all soil types. This growth rate was

derived from species biomass on “other” soil types. A = f(I'Aother), B = f(I' Bother)
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(Kulmatiski et al. 2016, Appendix A Table A-1).

The five different carrying capacities were determined by 1) the maximum
observed growth in any plot in the community experiment, 2) the maximum mean
observed growth in any community, 3) the maximum species-specific growth in
community plots, 4) the maximum observed growth in any PSF plot, and 5) the
maximum species-specific growth in any PSF plot. Model results were compared to
observed growth in greenhouses using generalized additive mixed models (gam in the

mgcv package in R programming; Wood 2017)

2.5 Parsing Selection and Complementarity Effects

A modified Price Equation was used to calculate net biodiversity effects,
complementarity effects, and selection effects for predicted and observed diversity-
productivity relationships (R package ‘partitionBEFsp” (Clark et al., 2019; Loreau &
Hector, 2001). This method uses an additive model and monoculture growth to calculate
over- or under-yielding of a polyculture: ARY; = Yi— (Mi/N) = (Yi/M;) — (1/N), where
ARY  is the over- or under-yielding of species 1 in mixture, Y; is the yield of species i in
mixture, M; is the yield of species 1 in monoculture, and N is the species richness of the
polyculture. The net biodiversity effect is the difference between the total observed yield
of a mixture and the expected yield, or average monoculture biomass of all species in a
plot (AY =Y, — Yg). This net effect can be partitioned into a selection effect and a
complementarity effect. Complementarity effects can be calculated as NARY M, where N

is the species richness of the mixture, ARY is the average deviation from the expected
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relative yield, and M average yield in monoculture. Selection effects can be calculated as

Ncov(ARY, M).

3. RESULTS

3.1 PSF Experiment

Across the 240 soil*species combinations, the mean PSF was -0.02 and the mean
of the absolute value of PSFs was 0.25. Nineteen values were positive, 23 values were
negative and 198 values were neutral (Fig. 2-1a). Fifteen of 16 species demonstrated a
PSF on at least one soil type.

At the species-level (i.e., across soil types), the mean PSF was -0.12, and the
mean of the absolute value of PSFs was 0.22. Five PSFs were negative, four were
positive, and seven were neutral (Fig. 2-1b). At the functional-group level, C3 and Cs4
grasses demonstrated negative PSF, forbs demonstrated neutral PSF and legumes
demonstrated positive PSF (Fig. 2-1c). PSFs for the three most productive species in

monoculture (L. capitata, D. purpurea, and A. canescens) were 0.19, 0.12 and 0.42.

3.2 Biodiversity-Productivity Experiment

Aboveground biomass increased with species richness: 16-species communities
produced 34% more aboveground biomass than monocultures (Fig. 2-2). This was caused
by a negative selection effect that increased with species richness (i.e., underyielding due
to selection effects decreased as species richness increased) and a positive
complementarity effect that increased with species richness (i.e. overyielding due to

complementarity increased as species richness increased) (Fig 2-3a).
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3.3 Model Predictions

The PSF model predicted 24% more biomass in 16-species communities than in
monocultures. The Null model predicted 19% more biomass in 16-species communities
than in monocultures, (Fig. 2-2). There was no support for separating biomass,
overyielding, and selection effects from observed, Null or PSF data (Table 2-2). There
was support for separating complementarity effects from Null and PSF model predictions
(Table 2-2). The PSF model predicted a constant positive complementarity effect that
was large relative to the Null model (Fig. 2-3b and c).

Predictions of community biomass by the PSF (y = 0.729x + 9.946, R? = 0.674, P
< 0.001, RMSE = 6.334) and Null models (y = 0.772x + 8.550, R* = 0.582, P < 0.001,
RMSE = 7.170) were correlated with community biomass observed in the 49
experimental plant communities (Fig. 2-4). Predictions of species-level biomass in
monocultures by the PSF (y = 0.883x + 5.709, R? = 0.907, P < 0.001, RMSE = 4.938)
and Null models (1.058x + 1.840, R?=0.895, P < 0.001, RMSE = 5.253) were also
correlated with observed monoculture biomass (Appendix A Fig. A-2a). However,
predictions of species biomass in multi-species communities from the PSF and Null
models were not correlated with observations (Appendix A Fig. A-2b, A-2d, A-2f, A-2h)
because both models over-predicted growth in three legume species with positive PSFs.
When these three species were removed, PSF model predictions of species biomass in 2-
species (y = 1.131x + 3.428, R?=0.207, P = 0.02, RMSE = 4.514), 4-species (y = 2.833x
-0.712, R*=0.380, P < 0.001, RMSE = 5.007), 8-species (y = 2.543x - 0.488, R? =
0.297, P < 0.001, RMSE = 2.464), and 16-species (y =4.23x - 0.987, R*?=0.474, P =

0.009, RMSE = 1.499) communities were correlated with observations. Null model
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predictions of species biomass were correlated with observations in 4-species (y = 2.612x
-0.636, R2=0.295, P =0.002, RMSE = 5.339), 8-species (y =2.109x - 0.216, R =
0.244, P < 0.001, RMSE = 2.515), and 16-species (y =4.294x - 1.092, R2=0.454, P =
0.01, RMSE = 1.528) communities but not in 2-species communities (Appendix A Fig.

A2-c, A-2e, A-2g, A-2i).

4. DISCUSSION

Plant communities produced more biomass than monocultures due to
complementarity effects. More specifically, 16-species communities produced 34% more
biomass than monocultures. Null models incorrectly predicted 19% overyielding due to
selection effects. Adding PSFs to the Null model improved predictions by decreasing
selection effects, increasing complementarity effects and predicting 23% overyielding in
16-species communities relative to monocultures. Further, PSF model predictions of
community biomass were better correlated with observations than Null model predictions
(i.e., R?=0.67 and 0.58, respectively). Thus, adding PSFs to a plant community model
improved predictions of plant community biomass production, and produced predictions
where the mechanism of the diversity-productivity relationship was consistent with
observations. Results provide clear support for PSFs as one of several mechanisms that
determine diversity-productivity relationships.

The diversity-productivity relationship observed in 16-species communities was
caused primarily by 10.7 g of overyielding due to complementarity. Relative to Null
models, PSF models increased complementarity effects from -0.5 to +2.1 g suggesting
that PSF explained 23% (i.e., 2.6 / 10.7) of the overyielding observed in experimental

communities. PSF causes overyielding due to complementarity when negative PSFs
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decrease plant growth more in monocultures than in communities (Maron et al., 2011).
This is likely to occur because ‘self” soils and, therefore, species-specific soil pathogens
are less common in diverse plant communities (Kulmatiski et al., 2012; van Ruijven et
al., 2020). For example, communities with C; grasses had neutral to negative PSF and the
greatest overyielding due to complementarity (i.e., the largest deviations from expected
monoculture yield ARY). Conversely, underyielding due to complementarity occurs
when positive PSF effects increase plant growth in monocultures more than in
communities (Kulmatiski et al., 2012). This is anticipated to occur because species-
specific soil symbionts are less common in diverse plant communities.

After a six-month cultivation phase, plants created soils that changed subsequent
plant growth by 25%. However, because PSFs were both positive and negative, the net
effect of PSFs was only a 2% decrease in growth. When all the plants in a community
demonstrate similar growth rates and PSF values, the plant community growth models
used in this study predict that overyielding will be directly proportional to net PSF values
(Kulmatiski et al. 2012). In other words, a net PSF of -10% would be expected to produce
+10% overyielding. However, because intrinsic growth rates and PSF vary widely among
species, the net effect of PSF on overyielding is a more complicated function of the
specific plant-soil-plant interactions that occur in the community. In other words, the
average PSF produced across the 16 species measured is not as important for the
diversity-productivity relationship as the PSFs for the species in a biodiverse community,
and the amount of species-specific soil being cultivated within a biodiverse community.
For example, low-biomass plants with large PSFs and high-biomass plants with small

PSFs will have little effect on overyielding. In this experiment, the net PSF value was -
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2%, but because some dominant and common species in the experiment realized
relatively large negative PSF, models predicted 23% overyielding due to
complementarity. For example, P. smithii, P. pratensis, and D. purpurea made up the
largest proportion of the 16-species communities with 24%, 16%, and 7% abundances,
respectively. P. smithii had a neutral PSF, P. pratensis a negative PSF, and D. purpurea a
positive PSF, but their weighted average PSF was -0.09, which would be associated with
9% overyielding, rather than the 2% suggested by the -0.02 average PSF value. Further,
PSF varied widely among soil types. For example, though P. smithii had a neutral PSF at
the species level it had PSFs of -0.46 and -0.59 on certain soil types.

This experiment provided rare insight into factorial vs. species-level PSF
(Kulmatiski 2016; Rinella & Reinhart 2018). Factorial experiments with more than two
to three species have been uncommon, because factorial designs require large sample
sizes. For example, this study produced 240 PSF values which are nearly as many as
reported in several PSF meta-analyses that included 300 to 1000 PSF values (Crawford et
al., 2019; Kulmatiski et al., 2008; Lekberg et al., 2018). This 16-species factorial design
allowed us to examine how PSF varies across a relatively wide range of soil types (Fig.
2-1a, b). Five species produced positive PSF on one soil type and negative PSF on
another soil type. Further, PSF within a soil type varied widely, with only three soil types
producing consistently negative or positive feedbacks (Fig. 2-1a). It should not be
surprising that PSF vary widely on soils cultivated by different species (for example a
legume vs. a C4 grass soil), but it has been difficult to demonstrate due to sample size
requirements (Crawford et al., 2019; Rinella & Reinhart, 2018). In contrast to results

from a previous study with three-species communities (Kulmatiski, 2016), results from
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this experiment suggest that ‘other’ soil types are important to determining PSF and the
role of PSF in plant community growth (Rinella & Reinhart, 2018). Additional factorial
studies will be needed to gain a better understanding of how variable PSF values are
across soil cultivation types and how important this is to plant community development.

PSFs were well associated with plant functional group. Legumes and forbs
produced 11 and seven of 19 positive PSFs. C; and C4 grasses produced eight and seven
of 20 negative PSFs (Fig. 2-1b). These results are consistent with previous PSF research;
despite considerable variation grasses often produce negative PSFs and legumes produce
positive PSF (Cortois et al., 2016; Lekberg et al., 2018; Mehrabi & Tuck, 2015).
Similarly, among grasses, trees, shrubs, and forbs, grasses have the most negative PSFs
(Kulmatiski et al., 2008). Negative PSF in grasses has been attributed to both soil nutrient
depletion and species-specific pathogens (Bennett & Klironomos, 2019; Bezemer et al.,
2006; De Long et al., 2019). Positive PSF in legumes have been attributed to associations
with species-specific rhizobia, although arbuscular mycorrhizal fungi are another likely
candidate (Wagg et al., 2015).

Across species richness levels, the PSF and Null models produced similar
predictions of species biomass, though PSF predictions were consistently slightly better
(Table 2-2, Fig. 2-4). Similar patterns were observed within species richness levels. In
monocultures, both PSF and Null model predictions were highly accurate (Appendix A
Fig. A-2a). In multi-species communities, both PSF and Null models overpredicted
legume growth, with (Appendix A Fig. A-2b, A-2d, A-2f, A-2h). Legumes produced
positive PSF which should decrease their growth in communities relative to monocultures

if their associated symbionts are diluted in polyculture (Kulmatiski et al., 2012). The fact
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that PSF models overpredicted legume growth suggests the way positive PSFs were
incorporated into models underestimated their effects. In this experiment, PSF was
measured as the growth of a species on a soil previously occupied by the same or a
different species; however, in our diversity-productivity experiment plant-soil
interactions were occurring between live species within the community. It is possible that
measuring the legacy effects caused by the previous occupation of a pot with either the
same or a different species underestimates the effects they have in an actively growing
community (Eisenhauer et al., 2012). Alternatively, it is possible that emergent plant-soil
interactions associated with diverse plant communities may result in larger PSF effects
and overyielding in species-rich than species-poor soils (Latz et al. 2012).

This greenhouse experiment was replicated in the field in a separate study
(Chapter 4). A recent review found that greenhouse and field measured PSFs are not
correlated (Forero et al., 2019), yet we did note some similarities between our greenhouse
and field experiments. Both PSF and Null model predictions from this greenhouse
experiment were correlated with community biomass in the field experiment (Chapter 4).
Though, not surprisingly, predictions from greenhouse data were better correlated with
observations of plant community biomass in the greenhouse than in the field (Chapter 4).
Individual species-specific and species*soil specific greenhouse and field PSFs were not
correlated (Forero et al., 2019). No model predictions were correlated with community
biomass from a diversity-productivity experiment performed with the same species in
1997 (data not shown). This is not surprising as herbivory, stress, microbial community
composition and competition are also important in plant community productivity (Forero

et al., 2019; Hawkes et al. 2013; Mahaut et al., 2020). Results suggest that PSF effects
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may vary considerably over time and space.

By measuring individual PSFs, this experiment took a reductive approach to
understanding PSF effects in diversity-productivity relationships. We found that, when
measured in plant monocultures, PSFs explained roughly 25% of observed
complementarity effects. In contrast, several recent studies have highlighted the potential
for emergent properties in community-level PSF (Guerrero-Ramirez et al., 2019; Latz et
al., 2012; Wang et al., 2019). Latz et al. (2012) found that some beneficial soil organisms
are only found in diverse microbial communities. Both Guerrero-Ramirez et al. (2019)
and Wang et al. (2019) found that diversity-productivity relationships develop in
microbially-rich, but not microbially-poor soils. New experimental approaches will be
needed to incorporate the role of soil microbial diversity in PSF and provide a clearer
picture of how PSFs function in diverse communities.

There is great interest in the diversity-productivity relationship because continued
species diversity losses can be expected to decrease plant productivity and carbon
sequestration (Isbell et al., 2015; Tilman et al. 2006). A better understanding of diversity-
productivity relationships can help constrain this outcome, and can additionally be
harnessed for human well-being, for example by design plant communities that maintain
plant diversity and increase plant productivity (Tilman et al., 2006). Our results suggest
that PSFs are important in the diversity-productivity relationship, at least under
conditions where stress, competition, and herbivory are tightly controlled (Beals et al.,
2020; Heinze & Joshi, 2018; Maestre et al., 2009). Results were also broadly consistent
with a paired field experiment, thus providing clear support for PSFs as one of several

mechanisms that determine the diversity-productivity relationship (Chapter 4).
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Table 2-1. Plant species and functional groups used in the plant-soil feedback and
biodiversity productivity experiments. Species included Pascopyrum smithii Rydb., Poa
pratensis L., Koeleria macrantha (Ledeb.) Schultes, Elymus canadensis L., Andropogon
gerardii Vitman, Panicum virgatum L., Schizachyrium scoparium (Michx.) Nash,
Sorghastrum nutans (L.) Nash, Amorpha canescens Pursh, Lupinus perennis L.,
Lespedeza capitata Michx., Dalea purpurea (Vent) Rydb., Achillea millefolium L.,
Liatris aspera Michx., Solidago rigida L., and Monarda fistulosa L. (Ownbey & Morley,

1991).
Species Functional Code
group
Amorpha canescens Legume Ac
Andropogon gerardii Cq Ag
Achillea millefolium Forb Am
Dalea purpurea Legume Dp
Elymus canadensis Cs Ec
Koeleria macrantha GCs Km
Liatris aspera Forb La
Lespedeza capitata Legume Lc
Lupinus perennis Legume Lp
Monarda fistulosa Forb Mf
Poa pratensis Cs Pp
Pascopyrum smithii GCs Ps
Panicum virgatum Cs Pv
Sorghastrum nutans Cq Sn
Solidago rigida Forb Sr
Schizachyrium scoparium  Cy Ss
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Table 2-2. Akaikie’s Information Criterion (AIC) from general additive mixed models
for measures of the biodiversity-productivity relationship with different groupings. The
lowest AIC for each measure of the biodiversity-productivity relationship are bolded.
Generally, the best-performing model was model 3: PSF and Null model grouped and
Observations separate, however, for the complementarity effect, model 2: PSF Model,
Null Model, and Observations separate, was the best model.

Model Random-effects

groups

Biomass

AIC

Overyielding Selection
Production AIC

Effect
AIC

Complementarity
Effect AIC

MI

M2

M3

M4

M5

None (global
model)
Group 1: PSF
Model

Group 2: Null
Model

Group 3:
Observations
Group 1: PSF
Model and Null
Model

Group 2:
Observations
Group 1: PSF
Model and
Observations
Group 2: Null
Model

Group 1: Null
Model and
Observations
Group 2: PSF
Model

1145.866

1144.376

1142.419

1146.084

1145.958

604.7794

601.6686

600.9543

601.3273

603.6236

570.5035

556.2153

555.1877

563.6283

570.0151

573.5636

513.3917

520.8377

542.1270

571.8514
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Plant Cs Cy Forb Legume
Soil Ec Km Pp Ps Ag Pv Sn Ss Am La Mf Sr Ac Dp Le Lp
Ec Soil -0.01 0.06 000 -0.09 -040 -0.08 -028 -0.09 -0.15 -0.12 0.2 021 0.09 -0.10 -0.44
Km Soil = -0.20 -027 -008 011 -001 -0.16 -0.13 -020 023 -0.13 -0.09 027 013 015 -0.15
Pp Soil  -0.01 -0.14 029 015 034 -0.11 -033 -0.03 | 0.80 0.8  0.65 044 047 059 029
PsSoil 014 005 -0.05 0.21 0.18 009 028 -022 08 035 -029 037 048 054 -027
AgSoil 006 -008 -028  0.09 034 -005 -048 -026 072 012 019 054 -010 027 -037
PvSoil 016 -0.12 -037 028 -0.22 0.01 0.00 007 | 0.88 -027 001 054 -008 -027 -025
SnSoil 013 007 -016 043 -0.19 023 028 -024 032 005 034 056 026 035 -0.41
SsSoil =~ 013 -003 0.1 0.16 -007  0.08 008 0.14 022 015 005 027 -007 049 -0.43
Am Soil  -004 -028 -020 -0.01 -0.04 -0.12 -0.02 -0.03 0.60 -0.01 -038 029 038 006 -0.03
LaSoil 004 014 | =063 000 -0.01 -035 =-0.56 -0.33 -0.22 000 -0.13  0.87 027 0.09 -048
MfSoil  -0.04 -002 -033 0.12 -0.02 017 016 -0.09 001 -0.10 0.15 037 -008 017 023
SrSoil | -048 017 -018 014 -017 016 -0.11 -007 -0.07 | 0.80 -0.13 0.63 -0.16 -0.03 -0.02
AcSoil = 037 -026 @ 072 -046 -036 -027 -029 -0.05 049 0.4 -0.53  0.65 0.00 034 007
Dp Soil = -037 000 -033 -036 -024 -058 -049 -0.64 -048 028 -033 -021 0.10 0.02 038
Lc Soil = -037 -039 -0.61 -0.10 -0.08 -0.43 -0.38 003 -036 -022 -039 -037 029 032 0.72
Lp Soil | -0.66 -049 -0.62 -0.59 -044 -0.59 -043 -0.15 -024 -020 -045 026 051 -001  0.19
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Figure 2-1. Factorial plant-soil feedbacks (PSFs) (a), non-factorial species PSFs (b) and
non-factorial functional group PSFs (c¢) as measured in the greenhouse. 95% confidence

intervals were created via bootstrapping (a) or a one-way student’s t-test (b, ¢). Asterisks
indicate PSFs with a mean significantly different from zero.
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Figure 2-2. Biodiversity-productivity relationships predicted from a PSF-informed model
(blue), a model without PSF effects parameterized with growth on other soils (orange);
and biodiversity-productivity relationships observed in 12-L pots across community
replicates in a greenhouse experiment (black) as analyzed by linear regression.
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complementarity effects (gray) from observations in a greenhouse experiment (a),
modeled predictions incorporating plant-soil feedbacks (b) and modeled predictions
without PSF data (c).
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Figure 2-4. Predicted community biomasses (g per 12 L pot) from PSF-informed models
(blue) and models without PSF effects parameterized with growth on other soils (orange)
biomasses observed in a greenhouse experiment.
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CHAPTER 3
GREENHOUSE- AND FIELD-MEASURED PLANT-SOIL FEEDBACK ARE NOT

CORRELATED?

ABSTRACT

Plant-soil feedbacks (PSFs) have become a commonly invoked mechanism of
plant coexistence and abundance. Yet, most PSF experiments have been performed in
greenhouse conditions. To test whether or not greenhouse-measured PSF values are of
similar magnitude and positively correlated with field-measured PSFs, we compared PSF
values from five different studies that measured PSF values in both greenhouse and field
conditions. For 36 plant species, greenhouse-measured PSF values were larger than and
not positively correlated with field-measured PSF values. Similarly, these 36 species
produced 269 soil-specific PSF values, and for each site there was no positive correlation
between these greenhouse- and field-measured PSF values. While PSFs were observed in
both greenhouse and field conditions, results provided no support at the soil, site or
species level that a positive correlation exists between greenhouse- and field-measured
PSF. Further, greenhouse-measured PSF appear to overestimate field-measured PSF.
Although from five studies, results strongly suggest that field experiments are needed to

understand the role of PSFs in plant communities in natural settings.

2 Forero, L. E.,Grenzer, J., Heinze, J., Schittko, C., and Kulmatiski, A. (2019).
Greenhouse- and field-measured plant-soil feedbacks are not correlated. Frontiers in
Environmental Science. Doi: 10.3389/fenvs.2019.00184
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1. INTRODUCTION

Plant-soil feedbacks (PSFs) are increasingly used to explain plant community
dynamics including succession, invasion, legacy effects, landscape abundance,
coexistence, and biodiversity (Kardol et al., 2006; Klironomos, 2002; van der Putten et
al., 2013). However, PSF research continues to rely mostly on greenhouse experiments
(Figure 3-1). Greenhouse PSF studies are useful for developing conceptual models of
plant community dynamics (Aguilera, 2011; Bever et al., 1997; Bonanomi et al., 2005),
however, it remains largely untested whether or not PSFs measured in the greenhouse are
correlated with PSFs measured in the field (Kulmatiski and Kardol 2008, Schittko et al.
2016).

Plants can alter soil biota, and these changes in soil biota may subsequently affect
their own growth and the growth of neighboring plants (Ehrenfeld et al., 2005; Reynolds
et al., 2003). PSFs are typically investigated by testing a plant’s growth response to soils
cultivated by different plant species (Bever, 1994). Many approaches have been used to
test PSF effects (Kulmatiski and Kardol 2008) including unsterilized versus sterilized
soils, comparisons among different field soil inoculum into sterilized soils, microbial
filtrate inoculations, and two-phase experiments in which soil types are cultivated during
an experiment. The two-phase approach remains a standard approach (Bever et al., 1997;
van der Putten et al., 2013). In a two-phase experiment, during the conditioning phase of
the bioassay (Phase 1), plants are used to create a soil with biota specific to that species.
In the response phase (Phase 2), phytometers are planted to test the growth response of a
species to the altered soil biota. Growth of the Phase 2 species on soil previously

conditioned by the same plant (“home”) is compared to growth on soil previously
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conditioned by a different plant (“away”). By using soil from Phase 1 to inoculate
sterilized soils, this approach can isolate microbial from soil chemical (Ehrenfeld et al.,
2005; Ke et al., 2015; Morris et al., 2009) and physical (Kulmatiski et al., 2017; Kyle,
2005) effects.

PSF studies are typically executed in the greenhouse for several reasons.
Greenhouse studies allow for many isolated replicates and can be performed throughout
the year in rapid growth conditions. Because it is relatively easy to sterilize greenhouse
soils, greenhouse studies more easily control legacy effects and separate soil nutrient
effects from soil microbial effects, relative to field studies. However, completely isolating
microbial from nutrient PSF may be unrealistic (Ke et al., 2015; Kulmatiski and Kardol,
2008). Greenhouse studies also lack microsite variability which can increase the
likelihood of detecting PSFs in the greenhouse (Burns et al., 2015; Rinella and Reinhart,
2017).

Abiotic and biotic conditions can be very different between the greenhouse and
the field (Heinze et al., 2016; Schittko et al., 2016). Greenhouse soils are typically
sterilized and inoculated with small amounts of live soil; this likely creates soil
conditions favoring fast-growing microbes and fast-growing plant species (De Deyn et
al., 2004; Eno and Popenoe, 1964; Howard et al., 2017). Frequent fertilization and
watering can cause arbuscular mycorrhizal fungi to become parasitic as conditions
change from low to high fertilization regimes, and dry to wet water regimes (Johnson et
al., 2003; Schmidt et al., 2011). This could cause PSF to appear neutral or positive in dry
field conditions, and negative or neutral in a greenhouse with a consistent water regime

(Mohan et al., 2014). Large soil organisms are typically absent in greenhouses which
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would affect plant-soil interactions (Kut'akova et al., 2018) such as below-ground
herbivory (Bezemer et al., 2013; Hol et al., 2010). More broadly, stressful conditions
found in field studies may induce greater facilitation and a more positive PSF in the field
(Maestre et al., 2009). These differences have led several authors to recommend greater
field experimentation (Heinze et al., 2016; Kulmatiski and Kardol, 2008; Schittko et al.,
2016).

Here, our goal was to test whether or not greenhouse-measured PSFs are of a
similar magnitude and positively correlated with field-measured PSFs. We predicted that
greenhouse- and field-measured PSF would be positively correlated because we expected
that plants have a dominant effect on soil microbial community composition and
subsequent PSF; these effects should be similar in both settings due to similar plant
species and soil microbial communities. A negative correlation or a lack of correlation
between greenhouse- and field-measured PSF suggests that greenhouse conditions
change plant-soil interactions in ways that reverse or change PSF values. To test this
prediction, we compared greenhouse- and field-measured PSF values from published
studies and publicly available datasets. To assess whether PSF is overestimated in
greenhouse or field conditions, we compared the magnitude of PSF values (regardless of

sign) by taking the absolute values of greenhouse- and field-measured PSF.

2. METHODS

A Scopus search for PSF studies with the term “plant-soil feedback” or “plant-soil
feedbacks” in the title, abstract, or keywords was performed on March 19, 2019. Of the
resulting 515 studies, meta-analyses, modeling papers, reviews, and non-English studies

were removed. The remaining studies were reviewed to identify studies containing 1) a
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home/away PSF method (Brinkman et al., 2010), 2) aboveground biomass or cover as the
response variable, and 3) grasslands as the study ecosystem (Burns et al., 2017; Teste et
al., 2017), which left 297 studies. Species from grassland ecosystems were selected as the
focal organisms because most PSF research has been conducted in grassland ecosystems,
so sufficient sample sizes from non-grassland ecosystems were unlikely (Kulmatiski et
al., 2008; van der Putten et al., 2013). Of these 297 studies, 237 occurred in the
greenhouse, 50 in the field, seven in mesocosms, and three included both greenhouse and
field approaches. Of these three studies, data was collected from two, but one possible
study did not respond to requests for data. An additional three datasets produced by the
authors, which are publicly available at the USU Digital Commons, were also included.

The resulting dataset contained paired greenhouse-measured and field-measured
PSF values for 36 species derived from 2975 field observations and 2907 greenhouse
observations at five different study sites. We used the paired dataset to 1) calculate PSF
values using a single method for all data, 2) test for correlations between greenhouse- and
field-measured PSF, and 3) compare PSF values and PSF magnitudes (absolute values)

between greenhouse- and field-measured PSF.

2.1 Study Sites

Of the five study sites included, three were from Europe (Berlin, Potsdam, and
Jena in Germany) and two were from North America (Winthrop, Washington and Cedar
Creek, Minnesota in the United States). At all sites, the focal species selected were
abundant in local plant communities. Four species were common among at least two
study sites (Appendix A).

All five studies compared phytometer growth responses to “home” and “away”
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conditioned soil (Bever, 1994). When more than two species are used in a PSF
experiment, this comparison can be undertaken by mixing all conditioned “away” soils
together to create a single “away” treatment. This approach was used in the Berlin study;
it eliminates site-by-site variation in soil microbes (Reinhart and Rinella, 2016; Rinella
and Reinhart, 2017), and can be useful when the research question is not focused on
spatial variability (Cahill et al., 2017; Gundale et al., 2017). Alternately, phytometer
responses can be measured on each “away” soil creating a species*soil-level design. This
approach was used in the studies at Cedar Creek, Jena, Potsdam, and Winthrop. Data
from species*soil-level PSF experiments were converted to species-level PSF values by

averaging a species’ growth across “away” soil types.

2.2 Greenhouse Experiments

The experiments at Cedar Creek, Jena, and Winthrop implemented a cultivated
two-phase approach (Rinella and Reinhart, 2018). The experiments at Berlin and
Potsdam collected conditioning soils from underneath monotypic stands in the field
(Table 3-1; Kulmatiski and Kardol, 2008).

For Phase 1, the Cedar Creek greenhouse experiment steam-sterilized a six-to-one
mixture of sand and sphagnum peat inoculated with ten percent field soil. The prepared
1-L pots were planted and grown for a six-month Phase 1. The Jena greenhouse
experiment inoculated a three-to-one mixture of compost and sand with ten percent field
soil. The prepared 1-L pots were planted and grown for an eight-month Phase 1. The
Winthrop greenhouse experiment steam-sterilized a six-to-one mixture of coarse sand and
sphagnum peat and inoculated with five percent field soil. The prepared 1-L pots were

planted and grown for a three-month Phase 1. At the end of Phase 1, plants were removed
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by hand-clipping; 2282 pots at Cedar Creek, 239 pots at Jena, and 216 pots at Winthrop
had growth.

For Phase 1, the greenhouse experiment at Potsdam collected field soil from
underneath three different species’ monotypic stands and filled 90 0.41-L pots with 100%
field soil (Heinze et al., 2016). In Berlin Schittko et al. (2016) collected field soil from
underneath eight different species’ monotypic stands. The soil for the “away” treatment
was mixed, where the soil for the “home” treatment was not mixed. A steam-sterilized
sandy loam soil was inoculated with 23% “home” or “away” soils collected in the field
and used to fill 240 pots, 80 of which were retained for the greenhouse experiment.

For the greenhouse experiment at Cedar Creek, the Phase 2 length was six
months; at Jena three months; at Winthrop, three months; at Potsdam two and one-third
months; and at Berlin four months. Pots were clipped and aboveground biomass weighed

for all species at the end of Phase 2 (Table 3-1).

2.3 Field Experiments

At Cedar Creek and Jena, the field site area was sprayed with glyphosate and
disked. Experimental plots (0.35 m by 0.75 m) were established with 0.75 mm thick
HDPE root barrier inserted to 35 cm deep between each plot. For Phase 1 at Cedar Creek,
ten grams of pure live seed per m? was applied to each of the plots. At Jena, 2000 total
pure live seeds per m? were applied to each of the plots. After a two-year Phase 1, the
area was sprayed with glyphosate and hand-tilled using a garden claw. Non-target species
were removed by hand-weeding. At Cedar Creek, plots containing C3 grasses and forbs
were hand-tilled using a garden claw, but vigorous root growth in the C4 grasses

necessitated tilling using a miniature tiller on plots containing that functional group. Seed
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was re-applied at the same respective rates. After a 2-year Phase 2, aboveground biomass
was clipped, dried and weighed; 2066 Cedar Creek plots and 345 Jena plots had growth.

At Winthrop, the top 10 cm of vegetation and soil was removed (Kulmatiski,
2019). A one-to-one mix of native soil inoculum and sand was applied to the prepared
site, and disked to 15 cm to homogenize. A grid of 1.2 m wide geotextile cloth was laid
down to create 315 1.5 by 1.5 m PSF plots in the area. Ten grams of pure live seed per m?
was applied to each plot, and allowed to grow for a four-year Phase 1. After four years,
Phase 1 plants were sprayed with glyphosate. Seed was re-applied for Phase 2 and plots
were allowed to grow for three years. Growth was estimated using percent cover in June
2013.

At Potsdam, 30 (0.4 m by 0.4 m) plots were prepared by cutting the first 25 cm of
roots under three different monotypic stands to create three Phase 1 treatments (Heinze et
al., 2016). Three individuals of each species were planted in each plot. Individuals were
spaced 10 cm apart and allowed to grow for 10 weeks. After the 10 weeks, aboveground
biomass was harvested, and 89 individuals had growth.

At Berlin, at week 14 of the greenhouse experiment, 160 pots were transferred to
the field and left to sit on top of the soil for a period of two weeks (Schittko et al. 2016).
After two weeks, the aboveground biomass was harvested. Extended methods for Cedar
Creek and Jena are in Appendix A; for Potsdam, Winthrop, and Berlin extended methods

are in Heinze et al., 2016; Kulmatiski et al., 2011, 2017; and Schittko et al., 2016.

2.4 Statistical Analyses
To avoid bias from different calculation methods, original plant growth

data on “home” and “away” soils was used to calculate PSF values using a single method
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for all data (Brinkman et al. 2010). PSFs were calculated as (H-A)/maximum(H,A),
where H is the aboveground growth (ground cover or biomass) produced by a species in
Phase 2 on “home” soils, and A is the aboveground growth produced by a species in
Phase 2 on “away” soils. The denominator refers to the maximum aboveground growth
produced by a species regardless of soil type. This calculation has similar mathematical
properties to the commonly used In(H/A) metric (i.e., values that are symmetric around
zero and bounded between +1 and -1). In addition, it has the advantage of being easily
interpretable as the proportion increase or decrease in growth due to soil type (Brinkman
et al. 2010). Plots or pots where the Phase 1 or the Phase 2 realized no growth were
removed from the dataset. To prepare the data from species*soil-level PSF studies for a
species-level analysis, one PSF value was calculated for each “away” species by taking
the mean PSF value for each species across soil types.

To determine if the mean PSF value for each experiment was different from zero,
we took the standard error of the mean. For data from species-level PSF studies, one
home versus away PSF was calculated for each species. For species-level PSF values, we
used linear models to test for a correlation between greenhouse- and field-measured PSF
within each study site and overall. For species*soil-level PSF values, we used linear
models to test for a correlation between greenhouse- and field-measured PSF within each
study site only, to control for the outsized effect of Cedar Creek’s data on the overall
dataset. Linear models were performed using the polyfit and fitlm scripts in MATLAB
(MathWorks, Inc, 2015b). Residuals for the species-level data were checked for

normality using the Shapiro-Wilk test.
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2.4.1 Comparisons
To compare PSF values and PSF magnitudes (absolute values) among study sites
and regions, we performed a one-way analysis of variance (ANOVA) using the script
anoval in MATLAB. Significance was evaluated at o = 0.05. When significant,
differences were explored with a Tukey’s Honest Significant Difference test in

MATLAB using the script multcompare.

3. RESULTS

From species-level data, 36 paired PSF values were compared. Of these 36
values, eight came from the mixed-soil PSF experiment at Berlin, and the remainder from
species*soil-level studies where the mean PSF value across all soil types was calculated
to create a single PSF value per plant species: 16 PSF values came from Cedar Creek,
five from Jena, three from Potsdam, and four from Winthrop. Greenhouse PSF values
were positive in Berlin and Potsdam, and neutral in Jena, Winthrop, and Cedar Creek
(Figure 3-2a). Field PSFs were positive in Berlin and Winthrop, neutral in Jena and
Potsdam, and negative in Cedar Creek (Figure 3-2a). For the species-level greenhouse-
measured data the average PSF was 0.046 and the coefficient of variance was 5.14; for
the field-measured data the average PSF was -0.008 and the coefficient of variance was
24.01.

A total of 269 PSF values from species*soil-level field/greenhouse paired
experiments were compared. Of these values, 239 came from the Cedar Creek study, 20
from the Jena study, six from the Potsdam study, and four from the Winthrop study. PSF
values for Berlin were excluded from the species*soil-level dataset because the study was

not species*soil-level in design. Greenhouse PSF values were positive in Potsdam and
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Jena, and neutral in Winthrop and Cedar Creek (Figure 3-2b). Field PSF values were
positive in Winthrop, neutral in Jena and Potsdam, and negative in Cedar Creek (Figure
3-2b). For the species*soil-level greenhouse-measured data the average PSF was -0.007
and the coefficient of variance was 50.59; for the field-measured data the average PSF
was -0.064 and the coefficient of variance was 4.81.

We tested for correlations in species-level data both within and among sites. For
species*soil-level data we tested within but not among sites because 86% of species-level
data was from one site. For species-level data, there was no correlation between
greenhouse- and field-measured PSF values across all study sites (F134=0.179, P =
0.675, Figure 3-3a). Similarly, there was no correlation between greenhouse- and field-
measured PSF values within study sites (P > 0.05, Figure 3-3a). For the species*soil-level
PSFs, there was no correlation between greenhouse- and field-measured PSF values at
the Cedar Creek, Jena, and Winthrop sites (Fi1,237 =0.001, P =0.972; F1,18 = 0.003, P =
0.959; and F1»> = 0.039, P = 0.801; respectively; Figure 3-3b). There was a negative
correlation between greenhouse- and field-measured data from the Potsdam site (Fi 4 =
10.129, P = 0.034, R* = 0.717; Figure 3-3b).

We tested for differences in magnitude (absolute value) for species-level data
only because of the strong effects Cedar Creek had on species*soil-level data. While
there were few correlations between greenhouse- and field-measured PSF values, there
were differences between the magnitude of greenhouse- and field-measured PSF values,
indicating that PSF (either positive or negative) were larger in greenhouse than field

conditions (Fi,70 = 5.056, P = 0.028).
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4. DISCUSSION

Although PSFs are commonly invoked as a mechanism to explain complex plant
community dynamics in the field, the majority of PSF experiments take place in
controlled greenhouse conditions. We had predicted that greenhouse- and field-measured
PSF would be positively correlated due to the dominant effects of plants on their soil
microbial communities, but found no evidence to suggest that greenhouse-measured PSF
data are positively correlated with field-measured PSF. We also found greenhouse-
measured PSF values were exaggerated relative to field-measured PSF values. Together,
results suggest that the greenhouse-measured PSFs that predominate in the literature both
overestimate and provide little direct inference into PSF effects in the field. Although our
dataset is derived from only five sites, our results strongly suggest that PSFs are sensitive
to growth conditions (Casper et al., 2008). Consequently, field experiments are likely to
be needed to fully understand the role of PSFs in natural systems.

There are several potential reasons that could explain why PSF values were
smaller in the field than in the greenhouse. More stressful growing conditions (for
example, competition, drought, or herbivory) may minimize PSF effects (Crawford and
Knight, 2017; Fry et al., 2018; van der Putten et al., 2016). Although researchers in all
five field experiments attempted to decrease competitive effects by hand-weeding, it is
likely that competitive pressure was still greater in the field than greenhouse experiments
due to the larger seed bank in unsterilized field soils (Lekberg et al., 2018). Similarly,
greater aboveground herbivory in the field was likely to decrease PSF values directly by
removing aboveground biomass and potentially indirectly by inducing increased

belowground growth (Heinze and Joshi, 2018). Drought in the field may also decrease
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PSF values by decreasing plant growth, microbial growth, and nutrient cycling rates (van
der Putten et al., 2016). With only five studies and many potential factors affecting
differences between greenhouse and field results, it was not possible to test these
hypotheses, but they are consistent with our observation of larger PSF values in the
greenhouse.

Methodological differences were likely to explain why there was no positive
correlation between field and greenhouse PSF values, though we were unable to isolate
any specific methodological difference that would explain our results. Compared to the
field, growing space is restricted, experiment length is shorter, and dominant soil
microbes differ in the greenhouse. Excepting Berlin, greenhouse pots were smaller than
field plots. Yet, we did not observe a qualitatively different relationship between
greenhouse and field PSF values at Berlin. The Winthrop site had the largest difference
between field plot and greenhouse pot size, yet PSF values were not notably different
from other sites.

Differences in temporal scales among sites similarly did not appear to drive our
results. PSFs have been suggested to accumulate over time (Diez et al., 2010; Kardol et
al., 2006; Kulmatiski et al., 2008; Lepinay et al., 2018), but Potsdam, which had similar
greenhouse and field experiment lengths, did not have a positive correlation between
greenhouse- and field-measured PSF. Sterilized soils, which were used at three of the five
reviewed experiments, often have higher nutrient availability and promote faster plant
growth, changing PSF values and soil microbial communities that drive PSF (De Deyn et
al., 2004). However, sites using sterilized soils and sites using unsterilized soils both had

uncorrelated PSF values. Little can be inferred from the five studies reviewed, but results
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did not provide strong evidence to suggest that pot size, experiment length, or
sterilization technique provided a strong explanation for the difference between
greenhouse and field results.

The only correlation observed between greenhouse- and field-measured PSF, was
a negative correlation at the Potsdam site. This site was the only site to use 100% field
soil in the greenhouse experiment. It is possible that a negative correlation occurred
because under decreasing light conditions PSF can be reversed (Smith and Reynolds,
2015), but it is not clear why this effect would only appear when 100% field soils were
used. To the contrary, we would have expected that the use of 100% field soil would
produce more similar results to the field.

Although our results and results from previous studies suggest that PSF values are
very context-dependent (Casper and Castelli, 2007), the PSF concept remains relevant to
plant community ecology. Greenhouse-measured PSFs have been found to improve
predictions of plant growth in communities in the greenhouse (Kulmatiski et al., 2011,
2017) and field-measured PSFs have been found to improve predictions of plant growth
in communities in the field (Klironomos 2002, Kardol et al. 2006, Mangan et al. 2010,
Kulmatiski 2019; Mariotte et al. 2018). Thus, our results suggest that while greenhouse
studies are useful for conceptual model development and predicting plant growth in
greenhouse conditions, ecologists who wish to understand the role of PSFs for specific
plant species in the field should rely on field studies.

While from five studies, our results suggest that the PSF literature, which is
predominantly derived from greenhouse experiments, overestimates PSF effects and

while it may provide insight into general patterns of interactions that occur in plant
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communities in the field, it provides little insight into the specific PSFs that determine the
growth and abundance of specific plants in natural communities. Our findings are
consistent with results from previous studies (Heinze et al., 2016; Schittko et al., 2016),
and suggest that although greenhouse-measured PSFs are important for conceptual
models, field experiments will likely be needed to understand the role of PSFs in

complex plant community dynamics in the field.

DATA ACCESSIBILITY

The Potsdam dataset analyzed for this study is available on request from Johannes
Heinze. The Cedar Creek, Jena, and Winthrop datasets analyzed for this study can be
found at USU Digital Commons (https://doi.org/10.26078/52k0-j194,
https://doi.org/10.15142/T3XM19). The Berlin dataset analyzed for this study can be

found in the Dryad Digital Repository (https://doi.org/10.5061/dryad.r7¢23).
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TABLES

Table 3-1. Methods for the paired greenhouse and field experiments.

Berlin Cedar Creek Jena Potsdam Winthrop
Field plot size 1.4-L pots except for Cichorium 0.75by 0.35m 0.75by 0.35m 0.4by 0.4 m 1.5byl.5m
intybus and Medicago x varia, which
were in 3.1-L pots
Greenhouse pot 1.4-L and 3.1-L (see above) 1-L 1-L 0.41-L 1-L
size
Phase 1 Type Inoculum Cultivated Cultivated Inoculum Cultivated
Greenhouse live 23% 10% 10% 100% 5%

soil rate
Greenhouse
experiment length

Field experiment
Length

Greenhouse N
Field N

four-month Phase 2

0.5 months spent in the field out of a
four-month experiment

80
160

six-month Phase 1
and six-month Phase
2
24-month Phase 1
and 24-month Phase
2
2282
2066

eight-month Phase 1
and three-month Phase
2
24-month Phase 1 and
24-month Phase 2

239
345

two and one-third
month Phase 2

two and one-half
month Phase 2

90
89

three-month Phase 1
and three-month Phase
2
48-month Phase 1, 32-
month Phase 2

216
315

L9
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Figure 3-3. Greenhouse- vs. field-measured species-level (A) and species*soil-level (B)
PSF values from five study sites. Yellow, Berlin; blue, Cedar Creek; orange, Jena; gray,
Potsdam; green, Winthrop; black is a best-fit line for all study sites. Though only
significant for the Potsdam species*soil-level data, best-fit regression lines are shown for
each site to demonstrate that slopes were close to zero.
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CHAPTER 4

PLANT-SOIL FEEDBACKS HELP EXPLAIN BIODIVERSITY-PRODUCTIVITY

RELATIONSHIPS?®

ABSTRACT

Species-rich plant communities often produce twice as much aboveground
biomass as monocultures, but the mechanisms causing these biodiversity-
productivity relationships remains unresolved.

We tested whether or not plant-soil feedbacks (PSFs) can help explain the
biodiversity-productivity relationship. Using a field experiment, we measured all
possible PSFs for 16 species in a tallgrass prairie system, Minnesota, USA. A
suite of plant community growth models was parameterized with or without this
PSF data and model predictions were compared to biomass in plant communities
with one to 16 species, that were grown separately.

Across 240 PSF values, plants created soils that changed subsequent plant growth
by 27%. Plant community growth models parameterized with these PSFs
predicted 27% overyielding due to complementarity. Without these PSFs, Null
models incorrectly predicted 17% overyielding due to selection effects. In
experimental communities, complementarity resulted in 185% overyielding.
PSFs improved predictions of the magnitude and mechanism of overyielding

relative to Null models. Results were consistent with theoretical models that

3 Forero LE, Kulmatiski A, Grenzer J, Norton JM. 2020. Plant-soil feedbacks help
explain biodiversity-productivity relationships. In review.
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predict a negative relationship between PSF and overyielding. Results, therefore,
clearly demonstrated that PSFs can be one of several mechanisms that determine

biodiversity-productivity relationships.

INTRODUCTION

Plant productivity typically increases with species richness (Cardinale et al.,
2007). Efforts to understand this fundamental aspect of ecosystem function (i.e.,
overyielding; Jochum et al., 2020) have understandably focused on mechanisms of
overyielding such as complementarity and selection effects (Jing et al., 2015).
Complementarity effects are often attributed to niche partitioning which allows species-
rich communities to capture more resources than species-poor communities (Tilman et
al., 2006). Selection effects occur when more productive species are over-represented in
species-rich relative to species-poor communities. However, niche complementarity and
selection effects do not fully explain biodiversity-productivity relationships (Hector et al.,
2002; Mueller et al., 2013; Barry et al., 2019). For example, while most plant
communities overyield, some communities underyield and niche-partitioning and
sampling effects generally do not help explain this wide range of responses (Cardinale et
al., 2007).

Mechanisms that explain both over- and underyielding are likely to improve
understanding of biodiversity-productivity relationships (Huston et al., 2000; Loreau &
Hector, 2001). Plant-soil interactions offer the potential to explain both overielding and
underyielding (Kulmatiski et al., 2012). Species-specific soil pathogens, for example, can
be expected to be more abundant in monocultures than species-rich communities

resulting in overyielding (Maron et al., 2011; Wright et al., 2017; Wang et al., 2019).
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Conversely, species-specific soil symbionts can be expected to be more abundant in
monocultures than species-rich communities resulting in underyielding (Bever et al.,
2012; Bauer et al., 2020). Although it is near-impossible and likely inappropriate to
individually characterize the effect of each species-specific soil pathogen and symbiont
on plant productivity, it is possible to summarize the net effect of negative and positive
plant-soil interactions using PSF experiments (Bever, 1994; van der Putten & Peters,
1997). Thus, PSFs offer the potential to help explain both overyielding and underyielding
in biodiversity-productivity relationships (Kulmatiski et al., 2012; Wang et al., 2019).

Several experimental approaches have been used to explore the role of plant-soil
interactions in biodiversity-productivity relationships (Maron et al., 2011; Schnitzer et
al.,2011; Hendriks et al., 2013; Jing et al., 2015; Guerrero-Ramirez et al., 2019; Wang et
al., 2019). Perhaps the best support comes from field (Maron et al., 2011) and potted
(Schnitzer et al., 2011) studies that used fungicide and microbial inoculations to
demonstrate soil organism effects on the biodiversity-productivity relationships (Maron
et al., 2011; Schnitzer et al., 2011), but these types of sterilization and inoculation
experiments have been found to exaggerate PSF effects (Kulmatiski et al., 2008; Lekberg
et al., 2018). Several studies have used greenhouse experiments (Kulmatiski ez al., 2012;
Cowles, 2015; Guerrero-Ramirez et al., 2019; Wang et al., 2019), but greenhouse
experiments have been found to produce PSFs that are not correlated with field-measured
PSF (Forero et al., 2019).

Two-phase, factorial field experiments remain the preferred approach for
describing PSF (Kulmatiski & Kardol, 2008; Brinkman et al., 2010; van der Putten et al.,

2013; Reinhart & Rinella, 2016). In these experiments, each plant in a community is
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grown on soils cultivated by each other plant in the community. Due to the sample sizes
required by factorial designs, these experiments have rarely been performed with more
than a few species in the field (Hendriks et al., 2013; Crawford et al., 2019). We are not
aware of any two-phase, field experiments that have tested the effects of PSF in
biodiversity-productivity relationships.

The overarching goal of this research was to quantify the role of PSFs in a
biodiversity-productivity relationship. To do this, we measured PSFs for 16 species using
a factorial, two-phase field experiment. We then parameterized a suite of plant
community growth models with or without PSF plant growth data. Model predictions
were compared to biomass in new and existing experimental communities with 1 to 16
plant species. To better explain the mechanisms causing the biodiversity-productivity
relationship, net biodiversity effects in model predictions and observed data were
separated into complementarity and selection effect components (Loreau & Hector, 2001;

Clark et al., 2019).

MATERIALS AND METHODS

Research was conducted in the Cedar Creek Ecosystem Science Reserve Long
Term Ecological Research site, East Bethel, Minnesota, USA (45.403290 N, 93.187411
W). Previous research at the study site demonstrated large increases in community
biomass with species richness (i.e., biodiversity-productivity relationships) that increase
over time and are caused by complementarity (Fargione ef al., 2007). Soils are sandy and
of the Nymore series: mixed, frigid, Typic Udipsamment. During the four years of the
study, mean annual precipitation and temperature were 723.0 mm and 6.5° C, which is

consistent with the 1963 to 2019 records at the site (769.3 mm and 6.6° C, respectively).
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We performed two experiments: a PSF experiment and a biodiversity-productivity
experiment. Each experiment included 16 species used in an existing biodiversity-
productivity experiment at the site (the Biodiversity II experiment; Table 1(Tilman et al.,
1997). Five species that together represented less than 3% of the biomass in the
biodiversity-productivity experiment from 1997 (henceforth, BP1997) were excluded from
our PSF and biodiversity-productivity experiments due to seed availability (4sclepias
tuberosa L., Dalea villosa Nutt., Dalea candida Michx) and poor growth in previous
experiments (Quercus macrocarpa Michx., Quercus ellipsoidalis E. J. Hill) (Ownbey &
Morley, 1991). Seeds were purchased from Prairie Moon Nursery (Minnesota, USA),
Granite Seed (Utah, USA), Prairie Restorations Inc. (Minnesota, USA) and Minnesota
Native Landscapes (Minnesota, USA).

In October 2014, a 1750 m? fallow area adjacent to the BP1997 experiment was
sprayed with a 5% glyphosate solution (Monsanto, Missouri, USA) and disc-harrowed to
15 cm to incorporate vegetation and homogenize soils. For the PSF experiment, 2,720
plots (0.75 m x 0.35 m) were established. For the biodiversity-productivity experiment,
232 plots (1.5 m by 1.5 m) were established. For all plots, a 35-cm deep by 4-cm wide
trench was dug and lined with a root barrier (1-mm thick high-density polyethylene;
Global Plastic Sheeting, California, USA). Throughout the PSF and biodiversity-
productivity experiments, non-target plants were removed by hand several times each

year.

PSF Experiment
A two-phase, factorial PSF experiment was used (Brinkman et al., 2010). Phase I

began in April 2015. For each of the 16 target species, 10 g live seed m™ was planted by
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hand in 170 replicate plots. During 2015, plots were watered weekly to promote
establishment, and during the first two years plots were weeded once every two weeks to
ensure the conditioned soils were monospecific. Seeded plant species grew in 2608 of the
2720 plots in Phase 1. After two growing seasons, in late summer 2016, vegetation was
killed with a 5% glyphosate treatment and aboveground biomass removed. To prevent
resprouting in Phase II, plots were hand-tilled with a garden claw (~75% of plots) or
rototiller as necessary (~25% of plots; Stihl Inc., Delaware, USA), November 2016. To
further limit resprouting, a 5% glyphosate solution was applied again in April 2016 prior
to seeding for Phase II.

For Phase II, each target species was to be planted in 35 replicate plots with ‘self’
soils and nine replicated plots with each of the 15 ‘other’ soils. Because some target
species failed to establish in Phase I, actual replication ranged from 27 to 35 replicates on
‘self” soils and five to nine replicates on each ‘other’ soil (Appendix C Table C-2).
Further, each target species was randomly assigned to five to nine replicate plots that had
no Phase I growth. These ‘control’ plots were used to parameterize one of the Null
models. During Phase II, plots were weeded once per month.

Plant cover in every plot was assessed by visual estimation in August 2017 and
September 2018 and plant aboveground biomass was clipped, dried and weighed in
October 2018. The 2017 percent cover data was converted to biomass values using the

2018 percent cover to biomass relationship.

Calculating and Analyzing PSFs
PSF values were calculated from aboveground biomass data as follows: PSF = (S-

O)/maximum(S,0) where S is the aboveground biomass produced in Phase II on ‘self’
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soils, where O is the aboveground biomass produced in Phase II on ‘other’ soils
(Brinkman et al., 2010). This value is symmetrical around zero, bound by -1 and 1 and
easily-interpretable as the proportion change in growth among soil types. The mean and
error associated with these values was estimated using bootstrapped confidence intervals
calculated using the sample n command from the R package ‘dplyr’ (Wickham et al.,
2020). Because PSFs were measured for 16 species on 15 soil types, analyses yielded 240
species*soil level PSF values.

While the PSF experiment was performed primarily to produce plant growth rates
on different soil types for use in plant community growth models, we also report PSF
values. The 240 species*soil-level PSF values were considered positive or negative when
their 95% confidence interval did not overlap zero. Variation in species*soil PSF values
is derived from the 27 to 35 replicate “self” and 5 to 9 replicate “other” field plots.
Species-level PSF values were then calculated as the mean PSF value across 15 soil
types. Variation in species-level PSF is derived from the 15 soil types. To determine if
species-level PSF values differed from zero, one-way t-tests were used. Species-level
PSF were considered different from zero when P < 0.05. To test whether or not PSF
values changed between the first and second year of Phase II, a one-way ANOVA with
year as a factor was used (‘aov’ and ‘TukeyHSD’ in R programming). Differences among

years were considered significant when P < 0.05.

Biodiversity-Productivity Experiment
In April 2015, 63 plant communities containing 1 to 16 plant species were planted
in 232 plots. Plant communities with 1, 2, 4, 8, 14, and 16 species were established with

16, 14,9, 9, 14, and 1 unique community compositions for each richness level,
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respectively. Each unique community composition was planted in three replicate plots,
except monocultures which were each planted in four replicates plots, and 16-species
communities which were planted in 30 replicate plots. Community compositions were
designed to replicate those in the BP1997 experiment (Tilman et al., 2001; Fargione et al.,
2007; Appendix C Table C-3). For 40 of 63 communities, species composition in the new
and existing experiments were identical. The remaining 23 communities differed in that
they did not include the five species described above, but again, these species represent
less than 3% total biomass in BP997.

Each plot received 10 g live seed m™, with each seeded species in the community
representing equal proportions of the seed mix. Plots were watered in the first year of the
study (2015), and were weeded every two weeks for the first two years of the study.
Thereafter, plots were weeded once per month. In August 2017, percent plant cover by
species was assessed by visual estimation to the nearest percent. Rather than removing
thatch by burning (as in BP1997), total biomass was harvested and removed to prevent
melting the plastic root barrier. In August 2018, plant cover in each plot was assessed by
visual estimation, then randomly-selected 15 cm by 150 cm strips were clipped, sorted to
species, dried to constant weight at 60 °C and weighed to the nearest 0.1 g. The
remaining biomass was then clipped, dried and weighed. Percent cover to dry biomass
correlations were used to transform percent cover values to biomass values.

To provide an additional test of the role of PSF in the BP relationship, we also
used published data from the fourth year of the BP1997 experiment (49;
https://www.cedarcreek.umn.edu/research/data). Cover to biomass relationships reported

for 2007 were used to convert species-level cover data to species-level biomass that were
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then scaled to match observed community biomass (Tilman et al., 1997).

Modeling Approach

Plant species biomass in communities were predicted using the best-performing
discrete plant community growth models in a similar previous study (i.e., the ‘logistic
species-level-K model” and the ‘logistic constant-K model’; Kulmatiski et al., 2011,
2016). In this logistic growth model, species-conditioned soils ‘grow’ as a function of
plant biomass, plant species growth rates, and a plant-to-microbe conversion factor
(Appendix C Table C-1). Plant growth rates are a function of the proportion of different
conditioned soil types present. To prevent run-away growth, biomass is limited by a
carrying capacity, which can be either unique to a species or to the community. Null
model simulations are the same except that they include only one soil type and one plant
growth rate (Appendix C).

Growth rates were derived from a) growth on control soils (control Null model),
b) growth on ‘self” soils (self Null model), or ¢) growth on each soil type (PSF model).
Competition coefficients were assigned a value of ‘1°, but each species could affect the
growth of other species due to community-level carrying capacities (Kulmatiski et al.
2016). Each of these three model parameterizations (i.e., growth on control, growth on
self, or growth on each soil type) was run with five different carrying capacities: 1) the
maximum observed growth in any plot in the community experiment, 2) the maximum
mean observed growth in any community, 3) the maximum species-specific growth in
community plots, 4) the maximum observed growth in any PSF plot, and 5) the
maximum species-specific growth in any PSF plot. Mean Null model predictions of

community biomass were calculated from the 10 model simulations (Control Null, Self
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Null each with five carrying capacities). Mean PSF model predictions were calculated
from the five simulations with different carrying capacities.

Because growth rates were derived from the second year of growth, we assumed
that growth rates represented two years of growth. To simulate the four years of growth
in the biodiversity-productivity experiment, model simulations were executed for 52
timesteps, after which plant biomass was reduced to 1% of the previous timestep and
allowed to run for another 52 timesteps. Model simulations for 52 or 208 time steps
produced qualitatively similar results but only results from the 104 timestep approach
described immediately above are reported since they best represented conditions in the
field. Mean model output for the sum of species growth from the suite of Null or PSF

model simulations are reported.

Parsing Selection and Complementarity Effects

For observed and predicted data, the relationship between species richness and
community biomass was described using a best-fit log-linear regression (Proc Reg; SAS
V9.4). To parse complementarity from selection effects from these biodiversity-
productivity relationships, we used the modified Price equation (R package
‘partitionBEFsp”’; Loreau & Hector, 2001; Clark et al., 2019). Complementarity effects
can be either positive or negative, depending on whether species on average have higher
or lower yields than the expected relative yield. Selection effects can be either positive or
negative, depending on whether species have a positive or negative covariance between
relative yield and biomass. This method is easily interpretable, comparable to other
results, and remains the standard practice (Clark et al. 2019). Data from outlier

communities with total biodiversity effects greater than five times the interquartile range
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were removed. Because S. rigida, D. purpurea, D. villosa, and D. candida did not grow
in monoculture communities in BP1997, when partitioning biodiversity effects for BP1997

their monoculture growth was assumed to be twice biculture growth.

Testing PSF and Biodiversity-Productivity Data

Patterns in the observed and predicted biomass with species richness were
described with simple, best-fit log linear regressions (Proc Reg; SAS V9.4). The
relationship between predicted and observed biomass in different plant communities was
assessed by ordinary least squares regression. Plant community biomass was the response
variable that was predicted by either Null-or PSF-model-predicted biomass. Similarly,
relationships between community-level PSF and overyielding were assessed by ordinary
least squares regression (Kulmatiski et al., 2011). Community-level PSF for each species
in the community was calculated as PSF; = (S; - Oi)/maximum(S;, O;), where O;
represents the average growth of species 1 on any “other” conditioned soil type present in
the community and S; represents the growth of species i on “self” conditioned soil (20).
Community-level PSF across the entire community was calculated as the average of

community-level PSF across each species in the community.

RESULTS

PSF Experiment

PSFs were predominantly negative (Fig. 4-1). Across the 240 species*soil-level
PSFs, 23 were negative, and 13 were positive (i.e., 95% confidence interval did not
overlap zero; Fig. 4-1a). These 39 PSFs occurred across species so that 14 of 16 species

demonstrated a PSF on at least one soil type (Fig. 4-1a). Because PSF were both positive
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and negative, the mean absolute value of PSFs at the end of the experiment (0.27 in 2018)
was larger than the mean of all values at the same time (-0.10). In other words, after a
two-year training phase, plants created soils that changed subsequent plant growth by
27%, but because some plants created soils that increased plant growth and other plants
created soils that decreased plant growth, the net effect was that plants created soils that
decreased plant growth by 10%. PSFs became more negative in the second year of Phase
2 and were 0.00 and -0.10 in 2017 and 2018, respectively (7239 = 5.4, P <0.001). The
absolute value of PSF also increased from 0.23 in 2017 to 0.27 in 2018 (0.23; 7239 =-3.1,
P =0.002). For conciseness, only 2018 species*soil level PSF values are shown in Fig. 4-
la.

When species*soil-level PSFs were averaged across soil types to produce one
PSF for each species, there were five negative and three positive species-level PSFs in

2017 and five negative and one positive species-level PSFs in 2018 (Fig. 4-1b).

Biodiversity-Productivity Experiments
After four years, community biomass in the concurrent biodiversity-productivity
experiment increased with species richness (Fig. 4-2; Fi 50 =36.4, P <0.001) from 55.6 g
2

m in monocultures to 187.3 g m™in 16-species communities (Fig. 4-2). This 131.8 g m?

difference represented a 237% increase in biomass production. Complementarity effects

2 2

explained 172.5 g m™ overyielding and selection effects explained 40.8 g m"
underyielding in 16-species communities (Fig. 4-3a).
These results were consistent with those from a similar experiment performed at

the site in 1997. In that experiment, after 4 years growth, biomass increased with species

richness (F1,50 = 12.66, P < 0.001) from 78.5 g m™ in monocultures to 183.4 g m? in 16-



