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Summary

1. Individual plant genotypes as well as genotypic diversity can shape the structure and func-

tion of ecosystems; however, the abiotic environment may modify these genotypic influences

on ecosystem-level responses.

2. To explore how the interactions between plant genotype, genotypic diversity and soil nutri-

ent availability affect the structure and function of a temperate grassland ecosystem, we manip-

ulated the genotypic diversity of a common perennial herbaceous plant, Solidago altissima

(single genotype monoculture and diversity plots) and soil nutrient availability (+nitrogen,

+phosphorus, +nitrogen and +phosphorus, unmanipulated control) in a common garden

setting. We tracked temporal changes in ecosystem structure (e.g. leaf area index and net pri-

mary productivity) as well as a variety of ecosystem functions (e.g. net ecosystem carbon and

water exchange and soil carbon efflux) over a growing season.

3. We found that variation in plant genotype identity consistently shaped ecosystem structure

(above-ground net primary productivity) while it inconsistently altered several ecosystem func-

tions across time. For instance, variation in plant genotype identity influenced net ecosystem

carbon dynamics early in the growing season while it influenced water dynamics later in the

growing season. The strength of the relationship between genotypic diversity and ecosystem

function declined over the season and the relationship between ecosystem structure (above-

ground net primary productivity) and function (net ecosystem carbon and water exchange)

varied across treatments. Overall, there was a strong correlation between ecosystem structure

and function across monoculture genotype plots but a weak relationship between ecosystem

structure and function across mixed genotype plots. Surprisingly, soil nutrients did not influ-

ence ecosystem structure and had minimal impacts on carbon and water flux.

4. Our data suggest that plant genetic variation, and to some extent plant genotypic diversity,

strongly influence ecosystem structure and function in an old-field ecosystem, but nutrient

availability did not directly or interactively influence ecosystem structure or function.

Key-words: carbon, ecosystem function, ecosystem structure, genotypic diversity, genotypic

variation, grassland, intraspecific diversity, soil nutrients, water

Introduction

Genotypic variation within a species can alter community

interactions as well as ecosystem functions (Whitham et al.

2003; Crutsinger et al. 2008; Breza et al. 2012), but these

effects may be contingent on the nutrient status of an

ecosystem (Johnson & Agrawal 2005; Fisher et al. 2014).

While plant genetic variation and intraspecific diversity

can shape both community dynamics (Johnson, Lajeunesse

& Agrawal 2006; Hughes et al. 2008; Genung et al. 2010;

Genung, Bailey & Schweitzer 2012; Burkle et al. 2013) and*Correspondence author. E-mail: lara.souza@ou.edu
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ecosystem structure (Crutsinger et al. 2006), the degree to

which genotypic variation and genotypic diversity scale up

to influence larger ecosystem fluxes of carbon (CO2) and

water (H2O) is less clear (but, see Breza et al. 2012). In

part, these linkages are driven by the potential for plant

traits to alter ecosystem function (Breza et al. 2012). For

example, Breza et al. (2012) documented Solidago altissima

genotypes with higher specific leaf area, stem height and

diameter, as well as higher inflorescence mass to exhibit

greater above-ground net primary productivity and ecosys-

tem functions such as GEE and NEE.

Similarly, species richness in a community is positively

correlated with net primary productivity, leaf area index

(Tilman, Wedin & Knops 1996; Hughes et al. 2008) and

net ecosystem exchange (Wilsey & Polley 2004). The posi-

tive correlation between ecosystem function and interspeci-

fic diversity is likely driven by trait divergence among

species that allow for niche differentiation (Hooper et al.

2005; Cardinale et al. 2012). Trait divergence among spe-

cies and genotypes can lead to greater niche partitioning,

enhanced resource utilization, reduced interspecific compe-

tition and, ultimately, may alter ecosystem carbon and

water dynamics. Ecosystem nutrient status can also signifi-

cantly influence plant trait expression and ecosystem func-

tion (Treseder & Vitousek 2001; Madritch, Donaldson &

Lindroth 2006) and may negate or reduce the influence of

genotype on these processes. Further, carbon and water

dynamics are influenced by plant traits as well as by

ecosystem properties such as nutrient availability. For

instance, nutrient availability will likely promote an

increase in mean trait values of shoot and root traits (e.g.

foliar vs. root production), generating greater productivity

and thus altering carbon and water dynamics (De Deyn,

Cornelissen & Bardgett 2008, Diaz et al. 2016).

Clearly, plant genotype, plant genotypic diversity and

nutrient availability are important drivers of plant trait

expression and ecosystem net primarily productivity, but

less is known about how these drivers may interact to alter

larger scale ecosystem carbon and water dynamics. In

addition, environmental context, including seasonality and

nutrient availability, will influence genotypic variation and

diversity effects on ecosystem structure and function. Fac-

tors including nutrient availability as well as seasonality

are likely to dictate which genotypes are most successful,

the relative divergence in traits among genotypes and ulti-

mately the importance of intraspecific diversity.

We explored how ecosystem nutrient status, variation

in genotypic identity and genotypic diversity altered the

carbon and water dynamics of a dominant old-field

plant, Solidago altissima. We manipulated soil nutrient

availability (control, nitrogen addition, phosphorus addi-

tion, nitrogen + phosphorus addition), Solidago genoty-

pic identity (75 total Solidago genotype monoculture

plots representing 10 Solidago genotypes, with each

monoculture plot containing six individuals belonging to

the same genotype) and Solidago genotypic diversity (12

total Solidago mixture plots each containing six

individuals belonging to different genotypes). Specifically,

we asked whether plant genotype, intraspecific diversity

and soil nutrient availability act independently or inter-

dependently to affect ecosystem structure, ultimately

scaling to influence function by altering ecosystem car-

bon and water fluxes.

Materials and methods

STUDY SYSTEM

Solidago altissima, tall goldenrod, is a well-studied (Maddox &

Root 1987; Wise & Abrahamson 2008) and common old-field spe-

cies in the eastern USA (Semple & Cook 2006; Souza, Weltzin &

Sanders 2011). The species’ range extends from Florida northward

to Quebec and westward to California (USDA Plants Database).

In old fields in eastern Tennessee, S. altissima can constitute over

47% of the above-ground biomass (L. Souza, unpublished data).

Solidago altissima populations spread locally by rhizomes, creating

patches, which can consist of clones of a single genotype (mono-

cultures) or multiple genotypes (Gross & Werner 1983; Halverson

et al. 2008). Previous work in this ecosystem found that intraspeci-

fic variation in S. altissima at the individual level can influence

ecosystem functions (Souza et al. 2011b) with litter decomposition

rates among S. altissima genotypes varying by 50% (Crutsinger,

Sanders & Classen 2009) and southern and northern populations

varying by twofold in net ecosystem CO2 exchange (Breza et al.

2012; and see Lojewski et al. 2012 for genetic based influences on

ANPP and soil CO2 efflux). Finally, intraspecific variation and

diversity influence ecosystem structure (ANPP) and community

dynamics (Crutsinger et al. 2006), yet scaling the effects of

intraspecific diversity to the level of ecosystem function has not

yet been explored.

PLANT GENOTYPE COLLECT ION AND EXPER IMENTAL

ESTABL ISHMENT

We sampled genotypes from 17 old-field communities located in

Eastern Tennessee, USA (35°54012″ N, 84°20022″ W) and identi-

fied twenty distinct patches of S. altissima, spaced 50–150 m apart

in March 2009. Sampled old-field communities had similar soil

types and land-use histories (Souza et al. 2011a). From each of

these patches, we excavated the rhizomes from a single ramet of

S. altissima to ensure the collection of 20 individual genotypes

(Crutsinger et al. 2006). Each rhizome was divided into 3 cm

pieces and transplanted into flats containing sterilized potting soil

and root stimulator (Roots 2; Roots Inc., OSIA Independence,

MO, USA). Plants were grown in a greenhouse (at 25 °C) and

were watered and fertilized as needed for 12 weeks.

In June of 2009, three randomly selected ramets of a single

genotype were transplanted into 76-L pots in the field. Each of the

20 genotypes was planted in two to four of these monoculture

pots for a total of 48 monocultures. Pots were located within a

fenced (to exclude deer) common garden at the University of Ten-

nessee Institute of Agriculture (35°53047�84″ N, 83°57022�86″ W).

From May to August of 2009, we quantified morphological traits

(leaf width, leaf length, inter node length, stem height, stem diam-

eter), physiological traits (specific leaf area), reproductive traits

(first day flowering, flowering duration, inflorescence mass) and

herbivory traits (aphid density, per cent leaf damage) for all geno-

types. We targeted the selected plant functional traits because they

are associated with plant performance, are commonly measured

and thus relatable to other studies and ultimately influence ecosys-

tem carbon and water dynamics (Cornelissen et al. 2003; Kattge

et al. 2011).
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EXPER IMENTAL DESIGN

To select the genotypes used in the field experiment, we performed

a principal component analysis that included all of the plant traits

(e.g. morphological, physiological, reproductive, herbivory) mea-

sured among the 20 S. altissima genotypes in the summer of 2009.

We selected the 10 genotypes that maximized trait variance across

the first two principal component axes (see Burkle et al. 2013 for

further trait information for each of the genotypes) for use in the

field experiment.

In June of 2010, we established a common garden experiment

where we manipulated genotypic diversity and soil nutrients in a

completely randomized plot design. Clones for each plant of the

chosen genotypes were collected from monoculture pots described

in the previous section. Each experimental plot was 1 m2 with a

1�5 m buffer between plots. Each 1 m2 plot was lined with 12-mil

heavy plastic buried 36 cm into the soil profile to inhibit rhizome

connections among the experimental plots and plots were arrayed

in a random grid. Monoculture plots contained six individuals (i.e.

clones) of a single S. altissima genotype. Diversity plots contained

six individuals, one each of six randomly selected genotypes, with

no two plots containing identical combinations of genotypes to

avoid sampling effects or the influence of particularly high yielding

genotypes in mixture compared to monoculture plots (Wardle

1999). In a fully factorial design, monoculture and diversity

plots were subject to one of four nutrient treatments: (i) control

(no nutrient amendment), (ii) nitrogen (N) amendment (10 g m�2

year�1), (iii) phosphorus (P) amendment (10 g m�2 year�1) and

(iv) P and N amendment (P = 5 g m�2 year�1 and N = 5 g m�2

year�1). Plots were fertilized following established ‘NutNet’ proto-

cols to enable comparisons with other fertilization experiments

(Borer et al. 2014). Each genotype was replicated in two monocul-

ture plots and included in three diversity plots for a total (N) of

80 monoculture and 12 diversity plots.

MEASUREMENTS OF ECOSYSTEM STRUCTURE AND

FUNCT IONS

Ecosystem structure

To determine the main and interactive effects of genotypic varia-

tion, intraspecific diversity and soil nutrients on ecosystem struc-

ture, we quantified leaf area index (LAI) and above-ground plant

biomass on each of the treatment plots. We measured LAI with a

line-integrating ceptometer (Decagon Accupar, Decagon Devices,

Pullman, WA, USA) that records canopy photosynthetically

active radiation (PAR) interception by quantifying PAR above

and below the plant canopy. We took four PAR measurements

(two above and two below the plant canopy) per experimental plot

and then averaged them for each of the three measurement times

during the growing season. To determine above-ground biomass,

we used an already established allometric equation (y = 0�010
x + 1�055, R2 = 0�83, P < 0�0001, Breza et al. 2012) with both

stem diameter and height as predictors of above-ground biomass

for June, July and August 2010. In September, we destructively

harvested plot-level above-ground biomass by clipping all individ-

uals at ground level. We oven-dried all above-ground biomass for

each plot at 65 °C for c. 48 h and then weighed it to determine

biomass.

Ecosystem function

To determine the effects of variation in genotype identity,

intraspecific diversity and soil nutrients on ecosystem functions,

we quantified soil and whole ecosystem carbon (CO2) and water

(H2O vapour) exchange. Soil CO2 efflux was measured using a

LI-6400 infrared gas analyser (Li-Cor Inc., Lincoln, NE, USA)

placed over installed PVC collars (80 cm2 in area, 5 cm in height)

in the soil (one PVC collar per plot). Measurements were taken

monthly between 10�00 and 15�00 h. We estimated net ecosystem

of exchange carbon (NEE; lmols CO2 m�2 s�1) and water (ET;

lmols H2O m�2 s�1) at the plot level monthly by recording the

flux of carbon dioxide (CO2) and water vapour (H2O) from each

Solidago monoculture and diversity plot using a Li-COR 7500

infrared gas analyser (Li-Cor Inc.). We placed a portable chamber

(0�49 m2 in area and 0�37 m3 in volume) covered with semi-trans-

parent polyethylene material over each experimental plot and

recorded [CO2] and [H2O] for c. 120 s (Arnone & Obrist 2003;

Huxman et al. 2004; Potts et al. 2006). Finally, we determined

ecosystem water use efficiency (eWUE), by calculating the ratio of

NEE and ET. We recorded NEE and ET measurements between

the hours of 11�00 and 14�00 h on a clear, sunny day to ensure

maximum ecosystem-level photosynthetic activity.

STAT IST ICAL ANALYSES

To determine the main and interactive effects of time with our

treatments, we ran a series of repeated-measures analysis of vari-

ance (RMANOVA) for ecosystem structure (LAI and ANPP) and

ecosystem function (NEE, ET, eWUE, soil CO2 efflux) response

variables. We then followed up RMANOVAs with two 2-way ANOVA

models to determine the main and interactive effects of plant geno-

type 9 nutrients and genotypic diversity 9 nutrients on ecosystem

structure (LAI and ANPP) and associated functions (NEE, ET,

eWUE, soil CO2 efflux) at each time point during the growing sea-

son. We used Tukey’s HSD means separation test (a = 0�05) to

identify which treatment means significantly differed from one

another. We applied the appropriate transformations to any

response variable not fitting a normal distribution. We also per-

formed a series of eight linear regressions to determine the rela-

tionship between ecosystem structure (LAI and ANPP) and

functions (NEE and ET) across monocultures vs. diversity plots.

We used JMP 11 (SAS Institute Inc., Cary, NC, USA) for all of

our statistical analyses.

In addition to the parametric analyses described above, we also

tested whether there were non-additive effects of genotypic diver-

sity compared to expectations based on monocultures. The non-

additivity analysis reveals whether the mixture plots have higher

or lower trait values than expected given their genotype composi-

tion. Plant traits used in this analysis included height, stem diame-

ter, biomass, leaf length, leaf width and leaf area. We did not

analyse plot-level ecosystem functions because these cannot be

expressed as individual-level values and thus cannot be drawn at

random to reconstitute mixture plots. Using peak-growing season

(August) values for traits directly related to biomass (biomass,

height and stem diameter), we first reconstituted each mixture plot

by drawing individuals from the appropriate monoculture plots.

In other words, if a mixture plot contains genotypes 1 through 6,

we would draw one individual from monoculture plots from geno-

type 1, and then one individual from genotype 2, and so on

through genotype 6. Then, we calculated the mean trait value

across all the reconstituted mixture plots. We repeated this process

1000 times, sorted the mean trait values from lowest to highest

and generated a 95% confidence interval spanning the 25th to

75th values. If the observed trait value for the mixture plots fell

outside the null confidence interval, we concluded that there was a

non-additive effect of genotypic diversity on that trait.

Analysis of selection and complementarity effects

In mixture plots, any differences between expected and observed

values of plant traits can be expressed as an additive combination

of selection and complementarity effects (Loreau and Hector

© 2016 The Authors. Functional Ecology © 2016 British Ecological Society, Functional Ecology, 31, 965–974
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2001). Selection effects capture whether changes of the relative

traits (e.g. biomass) of genotypes in mixtures are non-randomly

correlated with those genotypes’ traits in monoculture. For exam-

ple, a selection effect would arise when one of the genotypes in a

mixture is very productive in monoculture and that productive

genotype also dominates the mixture. Complementarity effects

capture any change in the average relative yield in mixture com-

pared with monocultures and thus represent whether genotypes

perform better or worse or the same in mixtures relative to mono-

cultures. We calculated selection and complementarity effects for

each mixture plot. It is important to recognize that selection and

complementarity effects provide no evidence of a significant effect

of genotypic diversity; thus, interpreting selection and complemen-

tarity is generally more meaningful when the non-additivity analy-

sis produces significant results.

Results

PLANT GENOTYPE , GENOTYPIC D IVERS ITY AND

NUTR IENT ADDIT ION IMPACTS ON ECOSYSTEM

STRUCTURE AND FUNCT ION OVER T IME

ANPP, LAI, NEE, ET and eWUE differed across time in

monoculture plots and diversity plots (Tables S1 and S2,

Supporting Information); yet, all variables peaked in

September and exhibited the lowest values in July. How-

ever, interactions between time 9 plant genotype,

time 9 diversity, time 9 nutrients and time 9 geno-

type 9 diversity 9 nutrients did not significantly influence

ecosystem structure (ANPP, LAI) or function (NEE, ET,

eWUE) (Tables S1 and S2).

PLANT GENOTYPE EFFECTS ON ECOSYSTEM

STRUCTURE AND FUNCT ION

Plant genotype effects on ecosystem structure remained

consistent across time, but inconsistently scaled up to

influence ecosystem functions. Variation in plant genotype

identity strongly influenced ANPP, both within and across

time (Table 1). ANPP ranged from 664 to 917 g m�2

across plant genotypes at the end of the study (Fig. S1).

LAI did not vary across genotypes at any of the examined

time periods (Fig. S1). On the other hand, ecosystem func-

tions were inconsistently influenced by plant genotypes

with carbon dynamics only affected by variation in geno-

type early in the growing season and water dynamics only

influenced by genotypic variation later in the growing

season.

The influence of plant genotype on soil CO2 efflux,

NEE, ET and eWUE differed across months. Individual

Solidago genotypes varied in NEE in July (�1�43 to

�35�31 lmol CO2 m�2 s�1), August (�8�13 to �26�44
lmol CO2 m�2 s�1) and seasonally (�9�59 to �22�69 lmol

CO2 m�2 s�1), but not in September (Fig. S2). ET only

varied significantly among plant genotypes in August

(3�85–10�72 mmol H2O m�2 s�1), September (0�81–5�94
mmol H2O m�2 s�1) and seasonally (3�49–7 mmol H2O

m�2 s�1), but not in July (Fig. S2). eWUE varied

significantly across Solidago genotypes only in July

(0�94–3�69 lmol CO2:mmol H2O m�2 s�1) and August

(1�71–3�68 lmol CO2:mmol H2O m�2s�1), (Fig. S2).

Finally, plant genotype only influenced soil CO2 efflux in

July (0�70–15�46 lmol CO2 m�2 s�1).

PLANT GENET IC D IVERSITY EFFECTS ON ECOSYSTEM

STRUCTURE AND FUNCT ION

Solidago genotypic diversity had minimal impacts on

ecosystem structure and function. The only statistically sig-

nificant impacts of genotypic diversity on ecosystem struc-

ture and function were early in the growing season. For

instance, LAI was 58% greater in monoculture plots com-

pared to diversity plots early in the growing season, but

these effects became insignificant later in the in the grow-

ing season. Surprisingly, plant genotypic diversity did not

affect ANPP (Table 2).

Genotypic diversity plots had 38% and 43% greater

NEE (greater CO2 uptake) and eWUE (greater carbon

uptake per unit water loss), respectively, compared to

monoculture plots in July. However, similar to diversity

impacts on ecosystem structure, this effect became insignif-

icant as the growing season progressed (Table 2). Soil CO2

efflux and ET did not differ among monoculture and diver-

sity plots. Diversity effects also did not influence the mea-

sured ecosystem functions seasonally (averaged across

time) (Table 2).

The non-additivity analysis revealed only one differ-

ence between the expected and observed values among

diversity plots (Fig. S3); specifically, stem diameters were

smaller than expected. However, after accounting for

multiple comparisons using a false discovery rate of 0�05
(Verhoeven, Simonsen & McIntyre 2005), none of the

traits, including stem diameter, showed significant non-

additivity.

SOIL NUTR IENT EFFECTS ON ECOSYSTEM STRUCTURE

AND FUNCT ION

Surprisingly, nutrient addition inconsistently influenced

few of the ecosystem functions we measured and did

not influence ecosystem structure. The only significant

effect of nutrient addition was on soil CO2 efflux in

September (Tables 1 and 2). Phosphorus addition

increased soil CO2 efflux by c. 30% relative to control

and nitrogen addition plots in September. There were

no interactions between plant genotype and soil nutrient

additions (Table 1) or diversity and soil nutrient addi-

tions on the ecosystem structure and function variables

we measured (Table 2).

L INK ING ECOSYSTEM STRUCTURE AND FUNCT ION

ACROSS TREATMENTS

ANPP, not LAI, was a good predictor of ecosystem func-

tions across monoculture and diversity treatments over the

growing season. ANPP accounted for 66% (P = 0�008)
© 2016 The Authors. Functional Ecology © 2016 British Ecological Society, Functional Ecology, 31, 965–974
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and 51% (P < 0�001) of the total variation in NEE across

diversity and monoculture plots, respectively (Fig. 1,

Table S3). Further, while variation in ANPP across diver-

sity and monoculture plots predicted NEE (e.g. ecosystem

CO2 dynamics), only variation in monoculture plot ANPP

predicted water dynamics. ANPP accounted for 25%

(P = 0�001, R2 = 0�16) of the total variation in ET in

monocultures only, whereas ANPP effects across diversity

plots were not significant (ET P = 0�33, R2 = 0�13) (Fig. 1,
Table S3). Finally, LAI accounted for very little of the

variation in ecosystem functions (0�0003 > R2 < 0�05) and
its relationship was never significant (P > 0�05) (Fig. 1,

Table S3).

Discussion

Our study contributes to the growing body of research that

explores how variation in plant genotype influences ecosys-

tem function (Whitham 2006; Wymore et al. 2011). Over-

all, we found that genotypic variation, as well as genotypic

diversity, influenced ecosystem structure and function in

our constructed Solidago plots. However, in contrast to

previous work, we found weak direct and no significant

interactive effects of soil nutrient level on the structure and

function of our experimental ecosystems (Johnson et al.

2008; Crutsinger et al. 2013). The influence of genotype on

ecosystem structure remained constant across the growing

season, but its influence on function varied over time.

Overall, variation in plant genotypic identity was related

to carbon dynamics early but not late in the growing sea-

son (coefficient of variation (CV) July = 44�3, CV Septem-

ber = 21�6), while the opposite was true for water

dynamics (CV July = 18�9, CV September = 27�9).

PLANT GENOTYPE INFLUENCES ANPP AND

ASSOCIATED ECOSYSTEM-LEVEL CARBON AND

WATER DYNAMICS

Our work supports findings that plant genotype can alter

plant carbon and water dynamics in both woody and herba-

ceous ecosystems (e.g. Madritch & Hunter 2003; Breza et al.

2012). At our site, genotype explained c. 44% (model R2) of

the total variation in water and carbon fluxes. However, the

influence of genotype varied across the growing season; a

pattern that likely emerged because genotypes vary in their

growth rates over the growing season (Breza et al. 2012).

When a greater proportion of genotypes in the population

grow faster early in the growing season than other geno-

types, a differential demand for CO2 among genotypes

would emerge early, but not late, in the season. Addition-

ally, later in the season all genotypes stop growing to allo-

cate carbon towards reproduction, a pattern highlighted by

the first day of flowering data (Breza et al. 2012; Burkle

et al. 2013). Thus, the variation in reproduction across

genotypes may begin to alter carbon and water dynamics to

a larger extent to affect growth rates earlier rather than later

in the growing season (Breza et al. 2012; Burkle et al. 2013).

This pattern is evident in our data; early in the growing sea-

son (e.g. June to July) above-ground biomass across plant

genotypes increased by 23-fold, whereas later on in the

growing season growth rates slowed and above-ground

biomass only increased by 35% (Fig. S1; e.g. from July to

August). Temporal variation in plant growth can be indica-

tive of changes in plant physiology, phenology, resource

availability and/or of negative plant–soil feedback increasing

over time (Bazzaz 1996; Pendergast, Burke & Carson 2013;

Jones 2014). Interestingly, in our study plant genotype had a

Fig. 1. Linear regressions quantifying the

relationships between NEE, ET and ANPP

and LAI. ANPP, not LAI, influenced NEE

across mixture and monoculture plots.

Solid and dashed regression lines indicate

mixture and monoculture plots, respec-

tively. Black symbols represent mixture,

while white symbols represent monoculture

treatments.

© 2016 The Authors. Functional Ecology © 2016 British Ecological Society, Functional Ecology, 31, 965–974

Plant genotype shapes ecosystem functions 971



larger influence on water dynamics at the peak of the grow-

ing season. Thus, as soil moisture became more limiting at

the peak of the growing season, genotypic variation in water

use efficiency emerged. Given that global changes may alter

genotypic distributions of plants across systems as well as

seasonal water availability (Fisher et al. 2014), our data sug-

gest that these genotypic and environmental changes may

scale up to influence the seasonal dynamics of ecosystem

carbon and water balance (Enquist et al. 2015).

COMMUNITY GENOTYP IC D IVERS ITY MIN IMALLY

IMPACTS ECOSYSTEM STRUCTURE AND FUNCT ION

Our study indicates that plant genotype, rather than geno-

typic diversity per se, strongly drives ecosystem function; a

pattern also observed in other studies (Madritch, Donald-

son & Lindroth 2006; Crutsinger, Sanders & Classen 2009;

but see Madritch & Hunter 2002). Niche complementarity

(i.e. niche partitioning and facilitation) (Hooper et al.

2005) and selection effects (Huston 1997; Wardle 1999;

Loreau & Hector 2001) may drive previously observed

positive relationships between species diversity and com-

munity structure (i.e. ANPP, LAI), and ecosystem function

(i.e. Hooper et al. 2005). Here, complementarity effects

dominated, but they were not consistently positive (nega-

tive complementarity effects might be more appropriately

called competition effects, but this distinction is not often

made). Because complementarity effects were both positive

and negative, there was no detectable effect of diversity on

biomass (Figs S3 and S4). This mix of positive and nega-

tive complementarity suggests a mixture of facilitative and

competitive interactions between genotypes in mixture

plots and is unsurprising given that there was no non-addi-

tive effect of diversity on any plant trait (after accounting

for multiple comparisons). Selection effects were weak and

unrelated to the magnitude of complementarity effects,

suggesting that covariance between a genotype’s traits in

monoculture and that same genotype’s traits in mixtures

was of little importance. However, greater facilitation (e.g.

positive feedbacks) within genotypes may increase produc-

tivity in monocultures, enhancing ecosystem structure such

as above-ground net primary productivity (Bever, West-

over & Antonovics 1997; Bever et al. 2010). To further

explore these patterns, future work should tease apart the

relative influence of niche complementarity mechanisms,

facilitation vs. niche partitioning, on how genotypic diver-

sity influences the functioning of ecosystems.

SOIL NUTR IENTS D ID NOT INTERACT WITH PLANT

GENOTYPE OR GENOTYP IC D IVERS ITY TO AFFECT

ECOSYSTEM STRUCTURE AND FUNCT ION

Contrary to our prediction, there was no overall effect of

soil nutrients and soil nutrients did not interact with plant

genotype or genotypic diversity to influence any of the pro-

cesses we measured. The lack of nutrient effects was surpris-

ing given that grasslands are generally strongly nitrogen

limited (Elser et al. 2007; Gruner et al. 2008; Borer et al.

2014). However, we should note that we did not directly

measure soil nitrogen or phosphorus availability; hence, it

is possible that fertilization did not impact productivity as a

result of a lack of limitation by either nutrient in our study

system. Prior work in old fields close to this study site also

found no evidence for N limitation of primary productivity

with high rates of fertilization (Blue et al. 2011; Wright

et al. 2014); thus, another factor, such as soil water avail-

ability, must limit productivity in this ecosystem. Similarly,

in a contrasting ecosystem, marine seagrass productivity

was generally not influenced by the interaction among

genotype, genotypic diversity and nutrient availability

(Thomas et al. 2011). However, the opposite patterns were

found in a pine forest, where respiratory CO2 fluxes in

Pinus taeda clones varied in their response to soil nitrogen

fertilization (Stovall, Seiler & Fox 2013). Clearly, there is

divergence in the response of ecosystems to nutrient addi-

tions, genotype and genotypic diversity. Extant ecosystem

properties such as nutrient constraints and soil physical

properties as well as differences in nutrient use efficiencies

among study organisms and overall differences in plasticity

across taxa may explain the variation among studies.

Experiments that cross the genotype identity of plants with

different nutrient constraints across a broad nutrient gradi-

ent would begin to tease apart the divergence in research

results across these contrasting ecosystems.

ANPP PRED ICTS THE NET ECOSYSTEM EXCHANGE OF

CARBON AND WATER ACROSS MONOCULTURE AND

DIVERSITY PLOTS

Not surprisingly, ANPP was correlated with NEE and ET

(Baldocchi 2008) in our experiment. More productive

genotypes had higher rates of net ecosystem water and car-

bon exchange. Similar to other studies (Wilsey & Polley

2004), this effect was detectable in the diversity plots for

seasonal NEE of CO2, but not for ET. Diversity plots with

lower and higher ANPP showed similar ranges in ecosys-

tem function (e.g. ET values). A possible explanation for

the lack of relationship between ANPP and ET in the

diversity plots is that the diversity plots in our experiment

had a narrower range of ANPP (e.g. 600–1000 g m�2)

than the monoculture plots (e.g. 400–1300 g m�2).

Variation in biodiversity can also influence ANPP, LAI

and whole ecosystem CO2 uptake (Hooper et al. 2005).

Generally speaking, in previous studies that manipulated

plant biodiversity the number of species in a plot were pos-

itively associated with an increase in ANPP, LAI (Tilman,

Wedin & Knops 1996) and NEE (Wilsey & Polley 2004).

Surprisingly, we did not find a significant relationship

between genotypic diversity and LAI. We also found no

relationship between LAI and the ecosystem functions we

measured, but we did find a relationship between function

and ANPP. One potential reason for this discrepancy may

be that ANPP integrates stems and leaves that collectively

influence ecosystem functions, whereas LAI only

© 2016 The Authors. Functional Ecology © 2016 British Ecological Society, Functional Ecology, 31, 965–974
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incorporates leaf area. One common explanation for the

positive effect of interspecific diversity is that trait differ-

ences among species increase ANPP, LAI and NEE (Hoo-

per et al. 2005). In our system, key traits that predicted

ANPP (but not LAI) were stem diameter and plant height.

In fact, the relative importance of genotype and diversity

can shift depending on context (species diversity example:

Tilman, Lehman & Thomson 1997). The observed lack of

variation in productivity across diversity treatments is

likely due to statistical averaging, through which mixing

many genotypes in one plot moderates the effects of geno-

types with extreme traits values or contributions to ecosys-

tem processes. In our case, extreme genotypes exhibited

the highest and lowest values for both ecosystem structure

and function variable values and mixing these genotypes in

the diversity treatments likely muted the overall impacts of

diversity on ecosystem structure and function.

There is a growing appreciation that within-species vari-

ation can have as large an impact on communities and

ecosystems as among-species variation (Crutsinger et al.

2006). Arguably, this should not be surprising; from an

evolutionary standpoint, genotype variation is roughly a

smaller-scale version of species variation, and the fact that

species variation affects communities and ecosystems is

considered unremarkable. Global changes such as nitrogen

deposition and warming are shaping the distribution and

function of plant genotypes in the landscape (Treseder &

Vitousek 2001; Madritch, Donaldson & Lindroth 2006).

Our data show that variation in plant genotype can alter

important ecosystem carbon and water dynamics. Thus,

global change driven shifts in genotypes on the landscape

may scale up to alter important ecosystem processes.

Exploring how variation in genotype identity is influenced

by global change and how those changes may influence the

exchange of carbon and water with the atmosphere is an

important next step in this line of research.
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