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Abstract
Because prairies are often nitrogen (N) limited, prairie legumes can have
significant impacts on the nitrogen (N) dynamics of these communities because of their
ability to add fixed N to their surroundings through symbiotic biological N2-fixation and
their N-rich tissues that can stimulate net nitrogen mineralization. Predicted increases in
temperature have the potential to alter legume traits and functioning, which can feedback
to affect ecosystem dynamics. The goal of this dissertation was to examine the effect of
elevated temperature on the growth, phenology, and N nutrition of four prairie legumes:
Amorpha canescens, Dalea purpurea, Lespedeza capitata, and Lupinus perennis, using
both a growth chamber experiment and a manipulative field warming experiment. In the
growth chamber experiment, seedlings of Lespedeza exhibited higher biomass and shoot
N content at 28°C than 25°C, while Lupinus seedlings displayed decreased nodulation
and lower shoot N concentration at the higher temperature. In the field warming study,
Dalea and Lupinus displayed higher biomass under warming and all species exhibited
lower shoot N concentrations under warming. Neither N2-fixation nor net N
mineralization were affected by warming. Warming accelerated flowering for several
species, including Amorpha and Dalea, and accelerated spring green-up, as evidenced by
higher normalized difference vegetation index (NDVI) values in warmed communities in
May. These results indicate that prairie legumes are responsive to increases in
temperature in a species-specific manner and that warming may alter N-cycling by
changing legume abundance and tissue N chemistry. Additionally, significant
interannual variation in many variables and in their responses to warming emphasizes the
need for long term studies to better understand and predict potential consequences of
elevated temperature on plants and their ecosystems.
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Introduction
Temperature plays a large role in controlling many plant and ecosystem processes,
including biochemical reactions, evapotranspiration, phenology, and plant species global
distribution (Holdridge 1947, Walther 2003). Global temperatures are predicted to rise
by 3-5oC by the end of the century (IPCC 2007), and documented effects of this warming
on plants in many ecosystems are accumulating (Walther 2003, Linderholm 2006, Kelly
and Goulden 2008). One way plants can and are responding to warmer temperatures is
migration, essentially tracking their preferred climate niche. Species that do not shift
their ranges will have to cope with the direct and indirect effects of elevated temperature
through acclimation or adaptation (Walther 2003).
Elevated temperatures can directly and indirectly affect plant functioning and
traits by altering physiological processes (e.g. gas exchange), lowering soil moisture, and
altering nutrient availability. These can lead to changes in plant traits, such as litter
chemistry, that can feedback to affect ecosystem processes (Luo 2007). Moreover,
climate change can lead to species composition and abundance changes, effectively
changing the plant traits of the community which will have consequences for ecosystem
functioning (Diaz and Cabido 1997, Luo 2007, Niu et al. 2010). Thus, to better predict
the consequences of climate change on both the ecosystem and species of interest, one
must understand how climate change will affect factors influencing both ecosystem
processes and plant traits and how these changes interact (Suding et al. 2008).
Data from multiple field warming experiments have indicated that grassland
plants and ecosystems are responsive to elevated temperature, but observed responses are
not always consistent across sites (Dukes et al. 2005, De Boeck et al. 2008, Garten et al.
2008, Cheng et al. 2010, Dijkstra et al. 2010). Detailed analysis of the responses and the
mechanisms behind them at multiple sites is essential and will allow comparisons
between these sites to better understand both universal and site-specific mechanisms
behind the responses (or lack thereof).
Grasslands of North America, commonly referred to as prairies, range from the
Rocky Mountains to the Mississippi River drainage basin and extend from Mexico into
Canada (Pieper 2005). These prairies historically covered 1.6 million km2 in the U.S.,
1

but have experienced an 80% decline in area since European settlement (Samson and
Knopf 1994). Tallgrass prairies have seen the greatest decline, with estimates of only 1-4%
remaining (Samson and Knopf 1994, Piper et al. 2007). A greater understanding of the
potential consequences of climate change for these ecosystems will be critical to future
restoration efforts.
Like many terrestrial ecosystems, prairies are often nitrogen (N) limited,
(LeBauer and Treseder 2008, Craine and Jackson 2010). Legumes (Fabaceae) play an
important role in the N cycle because they have the ability through their symbiosis with
N2-fixing bacteria to add N to their surroundings. It has been estimated that prairie
legumes contribute only ~5% of added N to the system (Woodmansee et al. 1981), most
likely because of their relative low abundance. However, small changes in N additions
can have significant consequences over time (Seastedt et al. 1991, Kindscher and Tieszen
1998). With their relatively low C:N tissues, legumes enhance N cycling by increasing N
mineralization (Craine et al. 2002, Eviner and Chapin 2003). Presence of legumes can
increase productivity and N concentrations in non-leguminous neighbors (Mulder et al.
2002, Lee et al. 2003, Temperton et al. 2007) and can increase soil carbon accumulation,
possibly through their own high biomass production or their influence on the biomass of
other species (Knops and Tilman 2000, Fornara and Tilman 2009). This stimulatory
effect of legumes may play an important role in managing prairies for ecosystem services,
such as sustainable biofuel production (Fargione et al. 2009, Luscher et al. 2011).
Many aspects of the N2-fixation symbiosis and its environmental drivers are
influenced by temperature and water availability (Fig. 2-1). Thus, climate change has the
potential to alter the amount of N added to plant communities by legumes, and in turn
affect community dynamics such as competition and ecosystem processes including the
biogeochemical cycles of nitrogen and carbon. The vast majority of N2-fixation and
temperature research using manipulative experimental studies is focused on leguminous
crop or forage species. Few studies have examined the response to climate change in
legumes native or naturalized to North American prairies (Garten et al. 2008).
My dissertation research examines the potential impact of elevated temperature on
grassland plants native or naturalized to the tallgrass prairies of North America. Since
2

these systems are often strongly N limited, the first two chapters of my thesis investigate
the effects of elevated temperature on four focal legume species: Amorpha canescens,
Dalea purpurea (Petalostemum purpureum), Lespedeza capitata, and Lupinus perennis.
The third chapter broadens the number of focal species and examines phenological
responses to warming for 12 species, including grasses and non-leguminous forbs.
The research in Chapter 1 examines the effect of temperature on growth and Nnutrition of legume seedlings and determines whether the temperature response depends
on source of N. Using controlled conditions is advantageous as it allows detection of the
direct effects of temperature on the focal legumes without many of the complex
interactions and feedbacks that naturally occur in an ecosystem.
Because interactions in natural environments have the potential to modify direct
temperature responses on legumes, the research detailed in Chapter 2 used a
manipulative field warming study in Minnesota to investigate the effect of elevated
temperature on the biomass and N traits of mature legumes. To better understand
mechanisms behind potential responses, several environmental factors known to affect
N2-fixation were also monitored for potential responses to warming. Since this field
experiment overlays a plant diversity experiment, I was also able to examine the
influence of plant species diversity on the warming response.
Using this same field warming experiment, the research in Chapter 3 asks
whether prairie plant species will shift their phenology in response to warming. To
answer this question, I examined the response of several phenological variables at three
scales: individual plants, populations, and community patches. This chapter also extends
the focal plant species to include several grasses and non-leguminous forbs to better
understand community wide responses and attempt to examine potential differences
between functional groups.
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Chapter 1

Growth responses, biomass partitioning, and nitrogen isotopes of prairie
legumes in response to elevated temperature and varying nitrogen source in
a growth chamber experiment

A version of this chapter was published:
Whittington, H.R., L. Deede, and J. S. Powers. 2012. Growth responses, biomass
partitioning, and nitrogen isotopes of prairie legumes in response to elevated
temperature and varying nitrogen source in a growth chamber experiment. American
Journal of Botany 99: 838-846.
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Summary
Because legumes can add nitrogen (N) to ecosystems through symbiotic fixation,
they play important roles in many plant communities such as prairies and grasslands.
However, very little research has examined the effect of projected climate change on
legume growth and function. Our goal was to study the effects of temperature on the
growth, nodulation, and N chemistry of prairie legumes and to determine if these effects
are mediated by source of N. We grew seedlings of Amorpha canescens, Dalea purpurea,
Lespedeza capitata, and Lupinus perennis at 25/20°C (day/night) or 28/23°C with and
without rhizobia and mineral N in controlled environment growth chambers. Biomass,
leaf area, nodule number and mass, and shoot N concentration and δ15N values were
measured after twelve weeks of growth. Both temperature and N-source affected
responses in a species-specific manner. Lespedeza showed increased growth and higher
shoot N content at 28°C. Lupinus displayed decreases in nodulation and lower shoot N
concentration at 28°C. The effect of temperature on shoot N concentration only occurred
in those individuals relying on N2-fixation as the sole N source, but there was no effect of
temperature on δ15N values in these plants. Elevated temperature enhanced seedling
growth of some species, while inhibiting nodulation in another. Temperature-induced
shifts in legume composition or nitrogen dynamics may be another potential mechanism
through which climate change affects unmanaged ecosystems.

5

Introduction
Legumes (Fabaceae) play an important role in the nitrogen (N) cycle of terrestrial
ecosystems, as they are often a significant source of N inputs (Cleveland et al. 1999) due
to their symbiosis with dinitrogen (N2) fixing rhizobia bacteria. Ongoing increases in
global temperatures due to anthropogenic releases of greenhouse gases to the atmosphere
will affect this role because temperature is known to affect N2-fixation and other plant
physiological processes such as photosynthesis and nutrient uptake (Bassirirad 2000,
Aranjuelo et al. 2007). The vast majority of research investigating legume responses to
temperature is focused on crop or forage species (Kessler et al. 1990, Zachariassen and
Power 1991, Lilley et al. 2001). By contrast, very little research has examined the
possible impacts of warming on legumes native to prairies despite the influential role of
these species in these often N limited ecosystems (Tilman 1984, Garten et al. 2008).
Nitrogen fixing legumes account for 1-17% of the biomass in U.S. prairies (Piper
et al. 2007) and only contribute about 5% of total N input into these systems
(Woodmansee et al. 1981). However, prairies are generally N limited (Craine and
Jackson 2010) and even small changes in N inputs can have a large impact over time
(Seastedt et al. 1991, Kindscher and Tieszen 1998). At a local scale, legumes influence
the surrounding plants by increasing N availability, as evidenced by increased biomass
and higher N concentration in non-legume neighbors (Mulder et al. 2002, Temperton et al.
2007) and can increase soil carbon accumulation (Fornara and Tilman 2008). Legumes
are also becoming increasingly important in restoration efforts (Graham 2005) and
greater knowledge of the consequences of climate change on these species can help
inform these efforts.
Temperature affects many aspects of the N2-fixation symbiosis. Warming can
inhibit nodulation (Barrios et al. 1963, Purwantari et al. 1995, Lira Jr. et al. 2005), slow
nodule development (Piha and Munns 1987, Lira Jr. et al. 2005), and reduce nodule
activity (Meyer and Anderson 1959, Hungria and Franco 1993, Aranjuelo et al. 2007). In
a recent literature synthesis, Houlton et al. (2008) found that optimal nitrogenase activity
occurs in the temperature range of 20-30oC. The authors used these data to include a soil
6

temperature component to a terrestrial biogeochemical model explaining global patterns
of N2-fixation and legume abundance and found that temperature limits N2-fixation in
northern latitude forests (Houlton et al. 2008). The optimal temperature for plant growth
and N2-fixation is often species-specific, however, and depends on both the rhizobia and
legume species (Piha and Munns 1987, Purwantari et al. 1995).
In unmanaged environments, legumes commonly rely on N2-fixation only when
mineral N in the soil is relatively unavailable, as N2-fixation is energetically costly from a
physiological stand point (Gutschick 1981). Additionally, compatible strains of rhizobia
may not be present in the environment, forcing legumes to rely solely on mineral N
(Larson and Siemann 1998). Because both N2-fixation and uptake have been shown to be
affected by temperature (Hatch and Macduff 1991), we can speculate that the source of N
to the plant (i.e. N2-fixation or mineral N) may mediate the effects of elevated
temperatures. For example, if N2-fixation is more sensitive to changes in temperature
than mineral N uptake, plants relying solely on N2-fixation may show greater responses
to temperature increases. Greater sensitivity to changes in temperature was seen for both
Glycine max (soybean) and Lupinus albus (lupine) plants relying solely on fixation
compared to those given mineral N (Legros and Smith 1994), and nodule activity in
Glycine max was affected by changing root temperature from 18 to 32°C but mineral N
uptake was not affected (Marcus-Wyner and Rains 1982). At small changes in
temperature, plants may be able to adjust mineral N uptake to meet their demand
(Bassirirad 2000) but this may be more difficult with N2-fixation, as fixation involves
interaction with rhizobia and directly involves enzymatic activity both of which
temperature can affect directly (Lie 1981, Sprent and Sprent 1990).
Direct quantification of whole-plant N2-fixation rates in field studies is currently
not possible, thus many studies use the natural abundance isotopic method to estimate
nitrogen fixation (Boddey et al. 2000, Garten et al. 2008). This method uses a two endmember mixing model and takes advantage of the difference between the δ15N of
atmospheric N2 (which is defined as 0‰) compared to that of mineral nitrogen available
to the legume from the soil (which is typically enriched in the heavy stable isotope of N)
(Shearer and Kohl 1991). In these calculations of the percentage of N derived from
7

fixation (%Ndfa), it is necessary to account for isotope fractionation that occurs during the
fixation process and transfer of fixed nitrogen throughout the plant. This B-value is
obtained by growing the legume of interest without mineral N, such that N2-fixation is
the sole N source. Thus, the B-value can serve as one end-member in the two endmember mixing model. B-values of shoot tissue range from -3.61 to +1.9‰ and depend
on the legume species and rhizobial strain (Boddey et al. 2000, Unkovich et al. 2008). It
is possible that this discrimination may be altered by temperature, but to our knowledge
no studies have reported on this possibility. Understanding whether B-values are altered
by growing temperatures is essential for application of the natural abundance method to
predict how N2-fixation may respond to ongoing climate change.
In addition to potential effects on N nutrition, temperature can also affect growth,
physiology, and morphology of legumes, with feedbacks for plants, rhizobia, and
ecosystem N cycling. Temperature-induced changes in photosynthesis and respiration
may affect plant growth and productivity, and will also affect N2-fixation rates since both
processes determine the amount of carbon that is available for fixation. In turn,
temperature-induced changes in N2-fixation can affect carbon gain processes and growth
by determining N levels. At the ecosystem scale, any changes to legume productivity and
fixation rates will alter the total amount of N that is fixed and thus the amount of N that is
added to the community.
In this study, we used a growth chamber experiment to examine the effect of
warming on prairie legume growth and function. Four legume species, Amorpha
canascens, Dalea purpurea, Lespedeza capitata, and Lupinus perennis were selected
because they are common in North American prairies and also are present in a
manipulative field experiment to quantify the responses of prairie plants to increased
temperatures (Chapter 2). These species were grown at two temperatures with and
without rhizobia and with or without mineral N. Using highly controlled conditions in a
growth chamber allowed us to isolate the effects of temperature and N source, without
confounding effects of soil moisture or other factors that may vary in field experiments.
Our specific goals were to determine: i) whether seedling growth, morphology, and N
chemistry depended upon species, temperature, and N source, and ii) whether nodulation
8

and isotopic discrimination factors were affected by species and temperature. We
expected that plants relying solely on N2-fixation would be the most sensitive to
temperature differences because N2-fixation would be affected more than mineral N
uptake. We also expected that plants relying solely on N2-fixation would display slower
growth than individuals given mineral N because N2-fixation is more costly than uptake.

Methods
Species
The focal study species were Amorpha canescens Pursh, Dalea purpurea Vent.,
Lespedeza capitata Michx., and Lupinus perennis L. (hereafter referred to by genus). All
four of these perennial species are native and common to the grasslands of central North
America, and differ in phenology and other traits. Lupinus is active in the spring and
early summer and flowers in late spring. Lespedeza flowers in late summer. Amorpha
and Dalea flower during the early to middle summer. Lespedeza forms nodules with
determinate growth and translocates fixed nitrogen as ureides. Amorpha and Dalea form
indeterminate nodules that maintain a meristem and transport nitrogen as amides.
Lupinus forms unique indeterminate nodules and also transports nitrogen as amides
(Sprent 2001).
Experimental set-up
Plants were grown in stacked 350 cm3 Magenta® vessels (PhytoTechnology
Laboratories, Lenexa, Kansas, USA) that allowed us to manipulate nutrient solution and
rhizobia inoculation. The bottom vessel held nutrient solution, the middle vessel was
filled with silica sand, and the top vessel acted as a lid (Fig. 1-1). A cotton wick between
the bottom and middle vessels transferred nutrient solution from the bottom unit to plant
roots, giving unlimited access to water and nutrients. The assembled Magenta vessels
were autoclaved with nutrient solutions before planting. The bottom vessels containing
9

nutrient solutions were clear and we cannot rule out the possibility that photosynthetic
organisms were growing there. However, we saw no indications over the course of the
experiment that this was occurring.
Seeds from Prairie Moon Nursery (Winona, Minnesota, USA) were surface
sterilized with either bleach (Amorpha and Dalea) or sulfuric acid (Lespedeza and
Lupinus). The sulfuric acid also acted as a scarifying agent. Three seeds of a species
were planted into the sterile sand of each growing unit and were thinned to one plant per
vessel three weeks after germination.
Treatments — Plants were assigned to six treatments that consisted of factorial
combinations of growing temperatures (25/20oC (day/night) or 28/23oC )) and three Nsource treatments. The daytime low temperature represents the average growing season
temperature in southern Minnesota (Cedar Creek LTER data,
http://cedarcreek.umn.edu/research/weather/). The high temperature regime represents a
three degree increase, which is within the predicted range of temperature increases by
2100 (IPCC 2007) and is similar to the warming treatment in a field experiment at Cedar
Creek (East Bethel, Minnesota, USA) that contains these legume species (Whittington, in
prep). The three N-source treatments were presence of rhizobia without mineral N,
presence of rhizobia with mineral N, and absence of rhizobia with mineral N. The
combination of no rhizobia and no mineral N was not included in the experimental design
as plants would not be expected to survive. We note that these three N-source treatments
encompass the full range of possibilities that may occur in the field, i.e. compatible
rhizobia strains may be present or absent, and mineral N may be sparingly available or
present in non-limiting amounts. We contend that the “true situation” in the field is likely
to lie in between these extremes, thus our results constrain the possible responses of the
species we studied to variation in N and/or rhizobia. Each treatment was replicated 10
times.
Plants not receiving supplemental N received the following N-free nutrient
solution: 1mM CaCl2, 1mM MgSO4, 10µM NaFeEDTA, 1mM K2SO4, 100µM KH2PO4,
0.01µM, (NH4)6Mo7O24, 0.16µm ZnSO4, 0.04µM CuSO4, 2µM H3BO3, and 0.4µM
MnSO4 (modified from Franco and Munns (1982)). Seedlings in the mineral N
10

treatments received the above nutrient solution that was supplemented with NH4NO3 to a
concentration of 100mg N/L. The quantity of N available in the nutrient solution was
sufficient to provide N in excess of plant demand over the course of the experiment, i.e.
we did not expect N-limitation of plant growth in the treatments receiving mineral N over
the duration of the experiment, and is within the range of N added in similar studies of
legumes (Legros and Smith 1994, Plies-Balzer et al. 1995).
Five days after planting, seedlings in the rhizobia treatments were inoculated with
1 or 2 strains of compatible rhizobia. Species-specific rhizobia strains were obtained
from the Rhizobia Research Laboratory at the University of Minnesota. Strains were
originally isolated from Minnesota soils and were chosen for their known ability to
nodulate the focal species (P. H. Graham, personal communication). Amorpha was
inoculated with a strain of Mesorhizobium amorphae, and Dalea was inoculated with two
Rhizobium spp. strains that are genetically similar to R. etli and R. leguminosarum (Tlusty
et al. 2005) . The identity of the strains used to inoculate Lespedeza and Lupinus is
unknown. Strains were subcultured on yeast extract mannital agar (BYMA) plates for
one week, then transferred to BYMA broth culture. Broth cultures were shaken for five
days and then centrifuged. The resulting pellets were resuspended in dilution fluid to an
approximate concentration of 5.5 x 105 cells mL-1. One milliliter of inoculum was
pipetted on the sand surface of the vessel containing the corresponding species to give a
rhizobia concentration of approximately 103 cells per gram of soil.
Growing conditions — Plants were grown in controlled environment chambers
(Conviron, Winnipeg, Canada) under a 12 hour photoperiod at two different temperature
regimes: 25/20oC (day/night) (low) or 28/23oC (high). Two chambers were used for
each temperature regime to ensure temperature differences were not simply due to
chamber effects. Light levels ranged from 210 to 250 µmoles m-2 s-1 within each
chamber and were similar among chambers. Plants were randomly moved within their
chamber on a weekly basis.

11

Measurements
After 12 weeks of growth, plants were harvested and separated into roots, stems,
leaves, and nodules. Leaves were placed in wet paper towel and scanned within 12 hours
to calculate leaf area using ImageJ software (Abramoff et al. 2004). Nodules were
counted and weighed immediately after harvest. The mass per nodule of each individual
was calculated by dividing the total fresh nodule weight by the total number of nodules.
All tissue was then dried at 65oC for >48 hours and weighed. The average specific leaf
area (SLA in units of cm2 g-1) of each individual was calculated by dividing the total leaf
area by the total dry weight of leaves.
15

N Analysis —In order to calculate the isotopic discrimination due to fixation (B-

value) and shoot nitrogen concentrations (shoot [N]), all of the aboveground plant tissue
(stems and leaves) was ground in a ball-mill grinder and a subset was sent to the Stable
Isotope Lab at UC-DAVIS for 15N analysis. The B-value is defined as the δ15N value of
individuals relying completely on fixation for nitrogen (i.e. individuals not receiving
added mineral N). Shoot tissue of plants in the mineral N only treatment was also
analyzed for 15N. Last, we analyzed the 15N composition of NH4NO3 to help us interpret
the isotopic signatures of plants grown with both mineral N and rhizobia. We had
originally intended to use the 15N data to estimate the percentage of N derived from
fixation (%Ndfa) for plants in the treatments receiving both mineral N and rhizobia, but
we were unable to do so because of poor nodulation. However, determining whether Bvalues of plants relying on fixation as their sole N source differs among species and
between temperatures regimes is also an important goal of our study.
Statistical analysis
Differences in the response variables of biomass, leaf area, leaf number, SLA,
shoot [N], nodule number, and nodule weight among the treatments of species,
temperature regime, and N-source were determined with ANOVAs using JMP 9 software
(SAS Institute Inc., Cary, North Carolina, USA). The experiment was analyzed as a split
plot design, with temperature as the whole plot factor and species and N-source as the
12

split plot factors. Species, temperature, and N-source were included as fixed effects in
the models, while chamber and its interaction with species and N-source were included as
random effects to account for the split plot design. When an effect was significant, posthoc Tukey HSD tests were used to determine significant differences between individual
treatment levels. All biomass, leaf area, leaf number, SLA, and shoot [N] variables were
transformed with the natural logarithm to improve normality and decrease non-constant
variance. Nodule number and weight were square-root transformed for the same purpose.
Histograms of the data indicated that transformations sufficiently improved normality.

Results
Overall, while species differences accounted for the majority of variation in
morphological variables, both temperature and N-source also affected many of these
traits in a species-specific manner (Table 1-1). N-source was the largest source of
variation in shoot [N] and nodule variables, but these responses were also affected by
temperature in some species. An interaction between temperature and N-source was
detected only in leaf chemistry and nodule variables, but not growth or morphology.
Growth and Morphology
Both temperature and N-source affected total, aboveground, and belowground
biomass in a species-specific manner (Fig. 1-2). Temperature significantly affected the
biomass of Lespedeza only. In this species, aboveground biomass was 109% larger at
28oC than at 25oC. Root biomass was not affected by temperature in any species.
Amorpha plants grown without mineral N, i.e. that relied solely on N2-fixation, had 65%
less total and root biomass than plants receiving mineral N. Shoot biomass was 40-70%
lower in Amorpha and Lupinus individuals relying solely on N2-fixation than those
receiving mineral N.
Lespedeza plants growing at the high temperature regime had twice the total leaf
area and twice as many leaves as those in at the lower temperature. Dalea individuals in
the warmer treatment also exhibited 28% more leaves at 28oC than 25oC. Amorpha
13

individuals relying solely on N2-fixation exhibited 40% fewer leaves and 53% less leaf
area than individuals given mineral N. Specific leaf area (SLA) was the only
morphological variable that was unaffected by temperature and/or N-source (Table 1-1).
Nitrogen Concentrations
Shoot N concentration was 45 to 57% lower in plants relying only on N2-fixation
than in those given mineral N for all species but Dalea (Table 1-2). Temperature affected
shoot [N] in Lupinus individuals relying solely on N2-fixation only, with 51% less shoot
[N] at high temperature. There was a trend for 34% and 17% lower shoot [N] at 25oC
than 28oC for Lespedeza and Amorpha individuals relying solely on N2-fixation,
respectively, but this difference was not statistically significant.
For all species but Dalea, the smaller shoot biomass and lower shoot [N]
displayed by individuals depending solely on N2-fixation compared to those given
mineral N led to a 72-81% lower total N content in shoots (data not shown). For
Lespedeza, total shoot N content was 49% lower at 25°C than 28°C, with a trend for the
largest difference occurring in individuals relying solely on N2-fixation. There was a
trend for Amorpha and Lupinus individuals relying solely on N2-fixation to display 50%
higher or 54% lower total shoot N content values, respectively, at high than low
temperature, but this difference was not statistically significant. Except for Lupinus
individuals given only rhizobia at 28°C, most individuals exhibited more N content in
their shoots than found in seed (data not shown).
δ15N values
The NH4NO3 used in the nutrient solution had a δ15N value of 1.65‰.
Surprisingly, individuals relying solely on the nutrient solution for an N source displayed
negative δ15N values, while the δ15N values of individuals given both rhizobia and
mineral N were more similar to that of the nutrient solution (Table 1-3), although our
ability to detect treatment effects and interactions may be limited by sample size.
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Species and N-source caused significant differences in shoot δ15N values, while
temperature did not. Lespedeza displayed significantly lower δ15N values than the other
species overall. Amorpha individuals grown with both rhizobia and mineral N had
significantly higher δ15N values than those solely relying on N2-fixation or mineral N
uptake. Dalea individuals given both sources of N had significantly higher δ15N values
than those relying solely on N2-fixation.
Nodules
Only three individuals in the mineral N only treatment developed nodules,
indicating minimal contamination. Only 12.5% of plants with both rhizobia and mineral
N had nodules, while 92.5% of individuals with rhizobia but no mineral N possessed
nodules.
Lupinus individuals relying only on N2-fixation possessed 86% fewer nodules at
28oC than 25oC, and nodules were 63% smaller at the high temperature. These two
trends led to 87% less total nodule fresh weight in the warmer treatment for Lupinus (Fig.
1-3). One reason for this trend was the strong effect of temperature on the proportion of
plants containing nodules in Lupinus individuals relying solely on N2-fixation.
Nodulation decreased from 100% of plants containing nodules at 25oC to 40% at 28oC.
Other species did not show a significant effect of temperature on nodule number or mass.
Differences in nodule number and fresh weight between species were only apparent in
individuals relying solely on N2-fixation.

Discussion
Prairie legumes often play an influential role in the dynamics of their
surroundings by adding nitrogen (N), enriching soil organic matter, and stimulating N
mineralization (Fargione et al. 2007, Fornara and Tilman 2008, Fornara et al. 2009).
Despite this importance, very little is known about the effects of elevated temperature on
prairie legumes. Knowledge of how climate change will affect these species is important
for predicting prairie functioning in the future, and will help inform preservation and
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restoration practices. We grew four prairie legume species at two temperatures that
mimicked climate change (25/20°C and 28/23°C) and with or without rhizobia and
mineral N to determine if these factors affected i) seedling growth, morphology, and N
chemistry and ii) nodulation and nitrogen isotope discrimination. We found that
temperature and/or N-source affected many of these traits in a species-specific manner.
Lespedeza showed enhanced growth under the high temperature while Lupinus displayed
detrimental effects of warming on nodulation.
Temperature Effects
Previous studies examining legume growth and temperature have shown that the
temperature response can depend on species (Zachariassen and Power 1991, Purwantari
et al. 1995). It should be noted, however, that most studies compare species across
relatively large temperature gradients, i.e. of 20°C (Purwantari et al. 1995). In contrast,
we examined a smaller temperature range (3°C difference) that is similar to forecasted
temperature increases and still found species-specific responses. Warming affected the
growth and morphology of two of the four species, Lespedeza and Dalea. Lespedeza
plants were 60% larger and had twice the leaf area at 28°C than 25°C. Dalea displayed
28% more leaves in the high temperature, but there was no temperature effect on total
leaf area, indicating that leaves produced at 28°C were smaller than those at 25°C. In
contrast to our findings, Medicago sativa (alfalfa), displayed decreased growth at 28°C
compared to 25°C (Aranjuelo et al. 2007).
Numerous studies have shown that temperature affects nodule number and weight
in a species-specific manner (Jones 1921, Purwantari et al. 1995, Lira Jr. et al. 2005), and
we found similar results. Lupinus plants relying solely on N2-fixation had 63% smaller
and 86% fewer nodules at the high temperature, suggesting that temperature may have
affected both the initiation of nodulation and nodule development. This reduction in total
nodule mass most likely led to decreased rates of N2-fixation on a whole plant basis.
Indeed, while biomass was not statistically affected by temperature in these individuals,
they displayed 35% lower shoot [N] at the low temperature. Lupinus grows in the cooler
spring months, and 28°C may be above the optimal temperature for Lupinus and/or the
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rhizobia strain used in the study. Our results suggest that if Lupinus does not shift its
phenology in response to future climate change, it may show detrimental effects of
elevated temperature in relation to nodulation, possibly leading to decreases in N2fixation. It should be noted, however, that we only used one strain of rhizobia to
inoculate Lupinus. Since the strain of rhizobia can affect the temperature response, the
exact response in the field may depend on the rhizobia strains present (Montanez et al.
1995).
Our expectation that plants relying solely on N2-fixation would display larger
responses to temperature, i.e. greater warming effects on growth and morphological
variables, than plants receiving mineral N, because the N2-fixation symbiosis may be
more sensitive to warming than mineral N uptake, was not seen. Previous studies in the
literature that have addressed this question have yielded mixed results. In several studies,
Glycine max (soybean) and Phaseolus vulgaris (common bean) relying more on N2fixation than soil N uptake displayed larger effects of root temperature on N
accumulation and biomass growth than plants receiving more mineral N (Lie 1971, Piha
and Munns 1987, Legros and Smith 1994). However, Kessler et al. (1990) found
evidence that the growth response of Trifolium repens (white clover) to temperature did
not depend on N-source. Contrary to our expectations, we found no significant
temperature by N-source interactions for the biomass or morphological variables,
suggesting that source of N may not be important to the temperature response of growth
for these legumes.
Only shoot [N] in Lupinus showed a larger temperature response in individuals
relying solely on fixation compared to those given mineral N, perhaps reflecting a
temperature effect on N2-fixation, as others have shown in global literature syntheses
(Houlton et al. 2008). As mentioned above, the decrease in nodulation at 28°C compared
to 25°C in Lupinus probably led to a decrease in or lack of N2-fixation, likely limiting the
N content to that present in the seed. In Lespedeza individuals relying solely on N2fixation, the larger total shoot N content at 28°C compared to 25°C suggests more N2fixation at the high temperature. Although not statistically significant, individuals grown
at 28°C did display a trend towards higher total nodule fresh mass than those grown at
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25°C. Increased rates of nodule activity could also have led to this difference in N
content, as well. However, since we did not measure N2-fixation rates directly, we can
only speculate on the causes and consequences of this pattern. We were also unable to
examine the effects of temperature on the percent of N derived from fixation (%Ndfa)
because of the poor nodulation of individuals given both rhizobia and mineral N. These
shoot N results do suggest a higher sensitivity of N2-fixation to temperature than mineral
N uptake for these two species, but this difference surprisingly did not affect the
sensitivity of growth to temperature.
The effect of temperature on N2-fixation is often included in conceptual models of
N2-fixation regulation (Hartwig 1998, Vitousek et al. 2002, Reed et al. 2011), but is not
always explicitly included in simulation models used to examine how ecological controls
on N2-fixation and legumes lead to the observed patterns of global N2-fixation rates
(Vitousek and Field 1999, Menge et al. 2009). Houlton et al. (2008) did include
temperature constraints on nitrogenase activity in a terrestrial biogeochemical model.
Using data from the literature, they developed an empirical relationship between N2fixation rates and soil temperature. Including this relationship in the model helped to
explain the observable patterns of low N2-fixation rates in high latitude forests. They
used a single relationship, but it is known that legume and rhizobial species can vary in
their response to temperature (Piha and Munns 1987, Purwantari et al. 1995). Although
our growth chamber study is on a much smaller scale than most continental modeling
studies, it does provide further evidence that temperature can affect N2-fixation
differently for co-occurring legume species. Incorporating this variation may improve
the representation of N2-fixation in ecosystem models.
In general, temperature did not affect δ15N values, including the B-value of any
species, i.e., the δ15N value of individuals relying solely on N2-fixation. The B-value
adjusts for the isotopic fractionation that occurs during the fixation process and transfer
of fixed N throughout the plant and is important because it serves as an end-member in
mixed model equations to calculate the percentage of N derived from fixation in field
grown plants (Unkovich et al. 2008). Our mean B-values, -2.97 to -1.16‰, fall within
the range of commonly reported mean shoot B-values of -3.61 to 1.9‰ (Boddey et al.
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2000, Unkovich et al. 2008). Isotopic fractionation can be affected by environmental
factors such as nutrient availability and soil moisture, although the effects are often small
(Ledgard 1989). To our knowledge, this was the first study to examine the effect of
temperature on B-values. Our findings are encouraging for field studies of N2-fixation
that employ the natural abundance technique, because it suggests that B-values obtained
at one growth temperature can be applied to plants grown at different temperatures.
N-source effects and inferences from δ15N
In most species, individuals relying 100% on N2-fixation were 36% smaller than
those given mineral N, as we expected. Both Legros and Smith (1994) and Purwantari et
al. (1995) found similar results with Sesbania sesban and Glycine max, respectively.
This reduction in biomass may be due to the high carbon costs of N2-fixation (Ryle et al.
1979, Gutschick 1981). These plants could also have been limited by nitrogen, as
suggested by the 40% lower shoot [N] values in plants relying solely on N2-fixation than
those given mineral N, because N2-fixation was limited. Thus, if elevated temperature
affects the availability of mineral N in the soil and/or the activity of N2-fixation,
productivity of legumes is likely to be affected.
The effects of N-source on δ15N values were not as we expected. Surprisingly,
δ15N values of those given both rhizobia and mineral N did not always display
intermediate δ15N values between those relying solely on N2-fixation (-2.97 to -1.16‰)
and those only given mineral N (-3.60 to -0.07‰). Additionally, individuals receiving
mineral N did not display δ15N values more similar to the bulk fertilizer than those
receiving rhizobia. The reason for these results is not clear, although we can suggest
several hypotheses to explain these patterns : i) discrimination against the heavier isotope
occurs during both N2-fixation and mineral N uptake (Kohl and Shearer 1980, Yoneyama
et al. 2001); ii) discrimination due to translocation of N from roots to shoots is fairly
similar regardless of source; iii) preferences for NH4+ or NO3- vary among species or
treatments (Clarkson et al. 1986, Macduff and Jackson 1991); and iv) larger plants
display higher δ15N values more similar to the bulk fertilizer because of more complete
use of the nitrogen pool.
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We caution that our ability to extrapolate our growth chamber results to the field
is limited. Our results pertain to legume seedlings and the response of mature plants with
large root systems and growing in competition is likely to differ. Our seedlings did not
experience water limitation, but seedlings in the field may be more affected by warminginduced decreases in soil moisture than by direct effects of temperature increases.
Additionally, the response is likely to be mediated by the available rhizobia strains. We
used one or two strains, but these species are capable of nodulating with many strains
(Tlusty et al. 2004). On the other hand, the seedling stage of many plants’ life cycles is
often vulnerable to environmental factors, and places a strong filter on the composition of
the future plant community. Our study suggests that certain legume species may be
favored by climate change, while other species may not, and this may have implications
not only for the diversity of prairie communities in a warmer world, but also for N
cycling.

Conclusion
Overall, temperature and N-source influenced growth, nodulation, and N content
in a species-dependent manner. Lespedeza exhibited enhanced seedling growth under
warming while Lupinus displayed decreased nodulation under warming. In response to
warming as a consequence of climate change, plants can shift their range, shift their
phenology, acclimate, and/or adapt (Walther 2003). Since legumes are often dependent
on specific rhizobia strains, their response may be limited by the response of rhizobia.
Although, we can only extrapolate the results of a growth chamber experiment to field
situations with caution, our study indicates that the seedlings of certain legume species
may display beneficial effects of elevated temperature while other species may not.
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Table 1-1. F-ratios and degrees of freedom (df) from analyses of variance on variables measured on legume seedlings grown at two
temperatures and varying sources of nitrogen (N).
Source of variation
Variable

Species

Temp

N-source

Denominator df a

N-source

Species x Temp
x N-source

Species x
Temp

Species x Nsource

Temp x

Height at harvest

31.80 ***

11.89 $

17.82 ***

4.95 **

1.44

1.34

0.67

23, 2

Total biomass

35.88 ***

1.14

20.85 ***

3.49 *

5.06 **

0.30

1.04

21, 2

Shoot biomass

100.27 ***

16.80 †

40.13 ***

4.79 *

5.21 **

0.35

0.67

21, 2

Root biomass

6.35 **

0.03

6.06 **

3.48 *

4.62 ***

0.04

1.43

21, 2

Total leaf biomass

87.74 ***

11.45 †

36.16 ***

4.66 *

5.36 **

0.41

0.80

22, 2

Stem biomass

153.52 ***

52.45 *

62.99***

5.22 **

3.95 **

0.77

0.33

21, 2

Total leaf area

62.05 ***

22.75 *

25.58 ***

3.93 *

3.29 *

0.15

0.43

23, 2

SLA

30.15 ***

0.40

2.26

1.32

0.95

0.13

0.08

23, 2

Leaf number

471.40 ***

25.70 *

35.63 ***

9.31***

3.51 *

2.62

1.14

23, 2

Shoot [N]

14.79 ***

0.03

104.89 ***

1.14

4.90**

0.39

2.96 *

22, 26, 2

Shoot N content

57.51 ***

34.18 ***

99.40 ***

5.95 **

5.21 **

0.50

1.77

27, 33, 12

δ15N

9.63 ***

2.60

17.41 ***

1.34

3.35 *

0.28

0.53

22, 27, 3

Table continued on next page.
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Table 1-1, continued.
Source of variation
Variable

Species

Temp

N-source

Denominator df a

N-source

Species x Temp
x N-source

Species x
Temp

Species x Nsource

Temp x

Nodule number

7.28 **

0.42

265.49 ***

5.36 **

8.00 ***

0.27

4.32**

22, 2

Total nodule fresh mass

6.45 **

2.58

252.95 ***

10.82 ***

3.49 *

3.61 *

8.50 ***

22, 2

Mass per nodule

6.65 **

9.39 †

221.53 ***

5.79 **

2.31 †

4.03 *

5.05 **

22, 2

Numerator df

3

1

2

3

6

2

6

$, *, **, *** indicate significance at the P< 0.10, 0.05, 0.01, and 0.001 levels, respectively.
a

For all variables except shoot [N], shoot N content, and δ15N, the first value denotes df for all effects except “Temp,” and the second value is the

df for the “Temp” main effect. For nitrogen variables, the first value indicates df for all effects containing “N-source,” the second value denotes df
for remaining effects that contain “Species,” and the third value indicates the df for the “Temp” main effect.
Note: The significant species x temperature interaction for total and root biomass arose because species differed at one temperature but not the
other. Within a species, there was no effect of temperature on total or root biomass.
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Table 1-2. Shoot [N] (mg/g) of seedlings grown at two temperatures with varying
sources of N. Values are means ± SE, N = 2-10 individuals per treatment combination.
N-source

17.04 ± 1.05 a
20.55 ±1.56 ab

Rhizobia &
mineral N
35.22 ± 2.31 c
33.87 ± 3.38 bc

35.49 ± 2.20 c
38.19 ± 2.90 c

25oC
28oC

33.74 ± 1.28 ab
31.26 ± 0.89 b

33.86 ± 3.56 ab
38.94 ± 7.15 ab

47.96 ± 4.39 a
43.77 ± 3.93 ab

Lespedeza

25oC
28oC

17.73 ± 0.80
26.76 ± 1.15 ab

48.90 ± 8.73
44.37 ± 7.74 b

b

56.93 ± 4.60
47.61 ± 2.53 b

Lupinus

25oC
28oC

21.45 ± 1.84 b
14.11 ± 1.19 c

32.52 ± 1.72

a

35.56 ± 1.30 a

ab

a

Species

Temp

Amorpha

25oC
28oC

Dalea

Rhizobia only

a

Mineral N only

b

32.84 ± 2.92
36.30 ± 1.98
Note: Letters indicate significant differences of the means at P<0.05 within each species that
were determined from a post-hoc Tukey’s HSD test after analysis of variance (see Table 1-1 for
ANOVA results).
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Table 1-3. Shoot δ15N values (‰) of seedlings grown at two temperatures with varying
sources of N. Seed δ15N values are also shown. Values are means ± SE, N = 2-10
individuals per treatment combination. The mineral N solution was 1.65‰ ± 0.08
N-source
Species
Amorpha

Temp

Rhizobia only
(B-values)

25oC

-1.23 ± 0.25 ab

o

ab

Rhizobia &
mineral N
1.53 ± 1.57 b
2.49 ± 1.12

b

Mineral N only
-3.39 ± 0.84 a

Seed
-1.23 ± 0.50

a

28 C

-1.07 ± 0.43

Dalea

25oC
28oC

-2.07 ± 0.19 a
-1.73 ± 0.11 a

2.39 ± 0.38 b
1.13 ± 0.78 b

-0.20 ± 0.92 ab
-0.12 ± 0.56 ab

0.81 ± 0.51

Lespedeza

25oC
28oC

-3.30 ± 0.70 a
-2.65 ± 0.29 a

-1.62 ± 1.49 a
-0.33 ± 1.21 a

-5.16 ± 0.79 a
-2.36 ± 0.48 a

-0.37 ± 0.21

Lupinus

25oC
28oC

-1.52 ± 0.32 a
-0.95 ± 0.28 a

0.58 ± 0.63 a
0.68 ± 0.77 a

0.15 ± 0.31 a
-0.26 ± 0.65 a

0.23 ± 0.18

-2.49 ± 1.13

Note: Letters indicate significant differences of the means at P<0.05 within each species.
Significant differences were determined with a post-hoc Tukey’s HSD test after analysis of
variance (see Table 1-1 for ANOVA results).
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Figure 1-1. The assembled Magenta units used to grow the seedlings. A) A seedling
growing in sand. B) The cotton wick that transferred nutrient solution from the bottom
vessel to plant roots.

26

Figure 1-2. The effect of temperature and nitrogen-source on shoot and root dry mass of
four legume species A) Amorpha canescens, B) Dalea purpurea, C) Lespedeza capitata,
and D) Lupinus perennis. White bars above zero display shoot biomass and gray bars
below zero show belowground biomass. Error bars indicate ±1 SE. Within each species
and variable, letters indicate significant differences among treatments at P<0.05.
Significant differences were determined from post-hoc Tukey HSD tests after analyses of
variance (see Table 1-1 for ANOVA results).
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Figure 1-3. The effect of temperature on the total fresh weight of nodules for individuals
of four legumes species relying 100% on fixation for nitrogen. Light gray bars represent
individuals grown at 25/20°C (day/night) and the dark gray bars represent those grown at
28/23°C. Error bars display ±1 SE. * indicates a significant difference (P<0.05) among
the temperature treatments within each species. Significant differences were determined
with a post-hoc Tukey HSD test after analysis of variance (see Table 1-1 for ANOVA
results).
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Chapter 2

Consequences of elevated temperatures on prairie legume biomass and
nitrogen cycling in a field warming experiment in Minnesota
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Summary
Current and ongoing increases in global temperature are likely to have direct and
indirect effects on the nitrogen (N) cycle, including those mediated through effects on
legumes, which have a special role in the N-cycle through their N2-fixation ability. These
effects can feedback to alter plant functioning and community structure, especially in N
limited ecosystems. We used a manipulative field warming and plant diversity
experiment to investigate the potential effects of elevated temperature on the
aboveground biomass, shoot [N], and N2-fixation reliance of four prairie legumes
(Amorpha canescens, Dalea purpurea, Lespedeza capitata, and Lupinus perennis) during
the first two years of warming. We also monitored the effect of warming on soil
microclimate and in-situ net N mineralization rates, as these variables likely mediate the
effect of warming on legumes. Warming decreased soil moisture and increased soil
temperature, but had no effect on net N mineralization. Warming increased aboveground
biomass of Dalea and Lupinus, but decreased shoot [N] for all species. There was no
effect of warming on the reliance on N2-fixation, estimated with the 15N natural
abundance method, for these species. Plant species diversity did not have strong effects
on the response of most variables to warming. These results suggest that legumemediated effects of temperature on N-cycling will be due to changes in legume biomass
and tissue chemistry not N2-fixation. We did observe strong interannual variation
between a wet and dry year for many variables, suggesting that these traits are responsive
to climate fluctuations.
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Introduction
Nitrogen (N) is often a limiting nutrient in many temperate ecosystems (LeBauer
and Treseder 2008; Craine and Jackson 2010). Because many aspects of the N cycle are
impacted by temperature and water availability, climate change has the potential to
impact plant and ecosystem functioning by altering the N cycle (Shaver et al. 2000,
Rustad et al. 2001). In addition, recent modeling studies indicate that inclusion of N
dynamics and feedbacks in global simulation models can significantly alter predictions
when compared to models that do not include coupling of the carbon and N cycles
(Sokolov et al. 2008, Thornton et al. 2009, Zaehle et al. 2010). Understanding the effects
of climate change on the N cycle is crucial to predicting the future response of
ecosystems as well as vegetation feedbacks to the climate (Hungate et al. 2003, Finzi et al.
2011).
Legumes play an influential role in N cycling by adding N to their surroundings
through N2-fixation and increasing plant N-availability with their relatively high N litter
(Vitousek and Walker 1989, Craine et al. 2002, Temperton et al. 2007). In U.S. prairies,
N2-fixing legumes comprise 1-17% of the biomass (Piper et al. 2007). Due to their rarity,
they only account for about 5% of the total N input into the system (Woodmansee et al.
1981) although the exact contribution is likely to be mediated by their abundance.
However, even small changes in N inputs may have a large impact in these N-limited
communities over time (Kindscher and Tieszen 1998). Thus, knowledge of legume
functioning under future climate is an important component to understanding how N
cycling may change. Most studies focus on crop or forage legumes. Comparatively little
research has examined the effects of climate change on legumes native or naturalized to
the U.S. prairies (Garten et al. 2008).
Elevated temperature can influence N2-fixation through several direct and indirect
pathways (Fig. 2-1). Soil temperature is known to affect almost all aspects of the N2fixation process. Soil temperature can effect nodulation (Barrios et al. 1963, Purwantari
et al. 1995), nodule development (Piha and Munns 1987), and nodule activity (Meyer and
Anderson 1959, Hungria and Franco 1993). Similar to extreme soil temperature, drought
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conditions inhibit all aspects of the symbiosis (Sprent 1972, Serraj et al. 1999, Aranjuelo
et al. 2007). Since legumes typically show a preference for soil N, with reliance on
fixation decreasing with increasing soil N (Allos and Bartholomew 1955, West et al.
2005), changes in soil N availability may also affect N2-fixation. Net N mineralization is
commonly used as an index of plant available N (Schimel and Bennett 2004). Elevated
temperature has been found to increase net N mineralization in several studies (Rustad et
al. 2001, Schmidt et al. 2002, Melillo et al. 2011), but no change or decreases have been
found as well (Rustad et al. 2001, Verburg et al. 2009). Moreover, the response of
mineralization to temperature may vary within a growing season (Shaw and Harte 2001)
or between years (Wan et al. 2005), and is likely to be mediated by soil moisture (Rustad
et al. 2001, Verburg et al. 2009). Furthermore, temperature may affect N2-fixation
through its effect on photosynthesis and respire ation. Both photosynthesis and
respiration were altered in several species during a field warming study in Oklahoma
(Zhou et al. 2007). For both Trifolium repens (white clover) and Medicago sativa
(lucerne), N2-fixation increased when air temperature increased but root temperature
remained constant (Harding and Sheehy 1980, Kessler et al. 1990). By altering
photosynthesis and respiration, temperature can alter the demand for N and the amount of
carbon substrate available for fixation.
Temperature effects on N cycling and legumes may be influenced by plant
diversity and the context of the surrounding plant community. Diversity, often measured
as species richness, affects both abiotic soil conditions such as temperature and moisture
and N-dynamics such as supply and demand (Hooper et al. 2005). Both negative and
positive correlations between soil moisture and species number have been reported (De
Boeck et al. 2006, Fornara and Tilman 2009). Increases in temperature are expected to
decrease soil moisture by increasing evapotranspiration (Harte et al. 1995, De Boeck et al.
2006). Greater shading at higher diversity may attenuate this effect, but greater biomass
at higher diversity could also lead to higher water demand and evapotranspiration. No
interaction between warming and diversity was seen in a warming study on mesocosms
that varied in species number (De Boeck et al. 2006). Mineral soil N-availability (as
indicated by potential mineralization rates) may be higher in more diverse plant
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communities (Zak et al. 2003, Malchair et al. 2010, Oelmann et al. 2011). However,
demand and competition for mineral N is likely to be greater at higher diversity, causing
legumes to increase their reliance on N2-fixation as species numbers increase (Carlsson et
al. 2009, Fornara and Tilman 2009, Roscher et al. 2011).
To better understand the possible consequences of climate change on legume
functioning and their impact on N cycling in prairies, we used a manipulative field
warming experiment to examine the response of four native legumes (Amorpha
canescens, Dalea purpurea, Lespedeza capitata, Lupinus perennis) to elevated
temperature in a biodiversity experiment in central Minnesota, USA. These species are
widely distributed, vary in traits such as phenology and nodule type (Sprent 2001), and
showed contrasting responses to a 3 °C temperature gradient under controlled conditions
in a growth chamber experiment (Chapter 1) (Whittington et al. 2012). Here we
examined the impact of warming and diversity on N2-fixation as estimated with the 15N
natural abundance method, and three potential drivers of N2-fixation, (soil temperature,
soil moisture, and N mineralization) (Fig. 2-1). In addition, we measured legume
biomass and tissue C and N chemistry to determine whether these also changed in
response to elevated temperature and diversity. We expected that elevated temperature
would decrease N fixation and mineralization through effects on soil moisture, but that
these responses would be mediated by plant community diversity. In addition, we also
expected that these parameters and warming effects would vary between years as a
function of the ambient variation in temperature and rainfall.

Methods
Experimental Setup
We examined the effects of elevated temperature on legumes in a large field
warming experiment that was established in a long-term (>15 yrs) biodiversity
experiment at Cedar Creek Ecosystem Science Reserve (East Bethel, MN) (Tilman et al.
2001). In 1994 and 1995, 9x9 m2 plots were seeded with 1, 2, 4, 8, 16, or 32 species of
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grassland plants native or naturalized to Minnesota. In 2008, 38 of these plots were
selected to be part of the Biodiversity and Climate (BAC) warming experiment. These
plots consist of six 32-species, nine 16-species, nine 4-species, and one monoculture plot
of each of the following species: Achillea millifolium, Amorpha canescens, Andropogon
gerardii, Dalea purpurea, Koeleria cristata, Lespedeza capitata, Liatris aspera, Lupinus
perennis, Panicum virgatum, Poa pratensis, Schizachyrium scoparium, Solidago rigida,
and Sorghastrum nutans. Each plot is split into three 2.5m x 3m subplots with different
warming treatments: ambient, low, and high. Warming is achieved via infrared heat
lamps (Kalglo Electronics, Bethlehem, PA, USA) suspended 1.8 m aboveground from
metal frames. Lamps over high and low subplots emit 1200 and 600 watts of radiation,
respectively. These lamp parameters were chosen to increase the surface soil temperature
in bare ground plots by 3°C and 1.5°C for high and low warming treatments respectively.
Extensive testing of the warming footprint was done prior to installing the lamps to verify
that these targeted soil temperatures were achieved. Metal flanges over the lamp and a
metal bar under the lamp help distribute heat over the subplot. Metal flanges and frames
(without lamps) were also hung over ambient subplots to account for any possible effect
of shading. Heating occurs April through November, and here we report data collected
during 2009 and 2010.
Soil Temperature and Moisture
Surface soil temperature in each subplot was monitored hourly with three
iButtons (Maxim, Sunnyvale, California, USA), installed 2cm below the surface. For
each subplot, the mean soil temperature recorded during the in situ N mineralization
incubation periods is reported. Soil moisture in the top 18cm was measured
gravimetrically as part of the N-mineralization measurements. One initial soil core (see
below) was taken from each subplot in May, July, and September of 2009 and 2010.
Approximately 10g of soil from each core was weighed, dried at 105°C for 48 hours, and
re-weighed.
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Biomass
Aboveground biomass of legumes in each subplot was estimated by harvesting
plants in early August in 2009 and 2010 and is used as a proxy for abundance. In each
subplot, all biomass 1cm above ground was clipped from two 10cm x 1.5m strips. The
location of these strips was the same for all subplots but varied between years to avoid
resampling the same location. Tissue was sorted to species, dried, and weighed.
Stable Nitrogen Isotope Analysis and Ndfa Calculations
Nitrogen isotopic composition was measured on harvested legume tissue to
estimate N2-fixation through the 15N natural abundance method. This method relies on a
difference in the stable isotopic composition of mineral soil N compared to that of air.
Legumes relying more on N2-fixation will have δ15N values closer to zero, which is δ15N
of air. Shoot tissue samples (i.e. stems plus leaves) from two individuals in each subplot
of polyculture plots and from three individuals in each monoculture subplot were ground
and analyzed for N concentration and its stable isotopes at the Stable Isotope Facility at
University of California, Davis, on a PDZ Europa ANCA-GSL elemental analyzer
coupled to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire,
UK). Shoot tissue of non-legume individuals from subplots that did not contain legumes
was also analyzed to act as reference plants, i.e. the δ15N signatures of these plants
represent the values of plants grown using N sources from the soil only. Reference
species were the C3 forbs Achillea millifolium, Monarda fistulata, and Solidago rigida.
The percent of nitrogen derived from fixation (%Ndfa) was estimated with the
following equation (Shearer and Kohl 1989):
%Ndfa =

δ15N of reference plant - δ15N of legume
δ15N of reference plant - δ15N of fixed N

x 100

The reference plants approximate the δ15N value of available mineral nitrogen in the soil.
The δ15N of fixed nitrogen (referred to as the B-value) is defined as the species-specific
isotopic composition of tissue when legumes are grown using N2 fixation as the sole N
source, and is typically determined in growth chamber experiments. Ideally, the
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reference plant(s) chosen should be similar to the legume of interest, especially in rooting
depth, phenology, and mycorrhizal status, as these characteristics influence where and
when mineral nitrogen is obtained. Good matches, however, can be difficult to find
especially when restricted to planted communities like our field experiment. For this
reason, we used mean values from several species as our reference. Some legume
individuals displayed values δ15N values above the mean reference value, yielding
negative %Ndfa values. We set these values of estimated %Ndfa to zero. We also found
that our field values of δ15N were lower than B-values that we measured previously in a
growth chamber experiment (Table 1-3) (Whittington et al. 2012), most likely because
the rhizobial strains used in the lab experiment did not fully match those in the field.
Because of this, we used the lowest δ15N value from the field as the B-value, making the
assumption that at least one individual is fixing 100% of its N.
Shoot [C] and [N] values were measured at the same time as nitrogen isotopic
composition. Total shoot N content was calculated by multiplying the mean shoot [N]
for each species in each subplot by the harvested biomass for that species in that subplot.
Net N mineralization
An index of plant available mineral N was estimated by measuring net N
mineralization three times a year (late spring, summer, and autumn) with 1 month in-situ
incubations. At the start of each interval in mid-May, mid-July, or mid-September, two
tubes 18cm in length and 2cm in diameter were hammered into each subplot. One tube
was removed immediately and the soil stored in plastic freezer bags on ice until
extraction of N within 24 hours. The second tube was capped and left in the ground for 1
month before it was removed and the soil N extracted. To extract mineral N (NH4+ and
NO3-), approximately 10g of soil was added to 50mL of 2M KCl, shaken for 1 hour, and
then filtered through Whatman1 filter paper. Blanks were created by shaking and
filtering KCl without added soil. The extracts were stored at -20oC until further analysis.
Soil moisture was measured gravimetrically at the time of extraction as described above.
The amount of NH4+ and NO3- in the KCl soil extracts was measured colorimetrically
using a protocol based on Weatherburn (1967) or Doane and Harworth (2003),
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respectively, and modified for 96-well plates (Allison and Treseder 2008). Absorbance
was measured with a SpectraMax Plus spectrophotometer (Molecular Devices, Sunnyvale,
CA, USA) equipped with a plate reader. Dilutions of NH4Cl and KNO3 solutions were
use to create standard curves for each plate. Each plate contained three replicates of each
sample and standard, which were averaged. We calculated net N mineralization as the
difference in blank-corrected NH4+ and NO3- between final and initial cores.
Statistical Analysis
We used analysis of variance (ANOVA) to examine the effects of year, warming,
diversity, and incubation period (late spring, summer, and autumn) on net N
mineralization and initial soil moisture (measured on soil extracted with the initial N
mineralization core). Unfortunately, we have no measurements of soil temperature
during the late spring 2009 incubation period, so we ran separate ANOVAs for each year
to determine the effect of warming treatment, diversity, and incubation period on mean
surface soil temperature.
We used ANOVA to determine the effect of warming treatment, species, year,
and diversity on variables measured on focal legume individuals (biomass, %Ndfa, shoot
[N], shoot C:N, and total shoot N content). However, the following experimental
constraints prevented us from examining all main effects and interactions in a single
model: (i) monoculture plots were not replicated for individual species, (ii) by design not
all legume species occur in the 4-species plots, and (iii) the 32-species plots were planted
from a different seed mix and thus are not included in any of the diversity analyses. For
these reasons, we analyzed subsets of the data separately to answer different questions
(Table 2-1). In the first model, we limited our analysis to the two species (Dalea and
Lespedeza) that were found in both 4 and 16 species plots in order to examine potential
species x diversity interactions. The second model included species as a random factor to
examine the effect of diversity at three levels (1-, 4-, and 16-species). The third model
focused on differences among species and only used data from high diversity plots (16and 32-species) where all legume species are present.
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All analyses were performed with JMP Pro 9.0 software (SAS Institute, Cary,
North Carolina, USA). In each of the analyses, plot and its interaction with subplot were
included as random factors to account for the split plot design. Aboveground biomass
and %Ndfa were square root transformed and total shoot N was log-transformed to
improve normality.

Results
Ambient Climate
Mean annual growing season temperature was 16.1°C and 17.2°C in 2009 and
2010, respectively. Cumulative precipitation during the growing season was 388mm in
2009 and 2010 was considerably wetter with 655mm rainfall.
Soil Microclimate and N Dynamics
Experimental warming significantly increased surface soil temperature by 0.52.5°C during all incubation periods except late spring 2010 (Table 2-2), indicating that
our warming treatments were likely warming the vegetation, as well. The effect of
warming on soil temperature was influenced by diversity, with larger increases at low
diversity (Table 2-3). Soil moisture (measured on initial samples during N mineralization
incubations) varied among years and seasons (Fig. 2-2). It was 126% higher in early
spring of 2010 compared to 2009 and 29% higher in mid-July than mid-May or
September (Fig. 2-2). High warming significantly decreased soil moisture by 9%,
although this was largely driven by the 20% decrease under warming in mid-July of 2009
(Fig. 2-2). Diversity did not affect the response of soil moisture to warming.
Mean net N mineralization rates were low but consistently positive except for
autumn 2009. Net N mineralization was affected by year and incubation period, but was
unaffected by warming treatment (Fig. 2-3a,b). Results were similar when expressing
mineralization per gram of soil or per gram of soil N. Mineralization during autumn was
30 times higher in 2010 than 2009. In 2010 autumn mineralization was 8 times higher
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than late spring mineralization in 2010. When NH4+ and NO3- dynamics were examined
separately, warming only affected net ammonification in 2010 during autumn when high
and low warming increased net ammonification by 50% and 13%, respectively, compared
to ambient (Fig. 2-3c,d). Warming treatment had no effect on net nitrification (Table 22).
Legume Biomass, N Concentrations, and Reliance on Fixation
In general, the three subsets of data yielded similar results in ANOVA (Table 2-4),
however the main effects that explained the largest amount of variation differed among
the variables. Biomass and total shoot N content were affected mostly by species identity
and species diversity (Table 2-4 and Fig 2.4). While shoot [N] and %Ndfa were also
affected strongly by species, they showed large interannual variation and smaller if any
effects of warming treatment (Table 2-5 and Fig. 2-5).
Aboveground biomass of the four focal legumes was affected by all four effects,
and many of the interactions were significant (Table 2-4). There was 72% and 53%
lower legume biomass in 16-species plots than 1- or 4-species plots, respectively (Fig
2.4b). Warming significantly affected biomass of Dalea and Lupinus, but this effect
depended upon year. For Dalea in 2010, aboveground biomass in the high warming
treatment was over twice and four times that seen in the ambient treatment for 4-species
and 16-species plots, respectively (Fig 2.4a). In 16- and 32-species plots, Lupinus
displayed 88% and 78% higher biomass under high and low warming, respectively, than
under ambient conditions (Fig 2.4c). When species were pooled (Model 2), an effect of
warming on biomass was only detectable in 16-species plots (Fig 2.4b). In 16- and 32species plots, Amorpha and Lupinus exhibited 60-63% less biomass in 2010 than 2009.
Year accounted for the most variation in shoot [N] with 13-47% higher shoot N in
2010 than 2009, depending on species (Table 2-5). Warming treatment affected shoot [N]
only in 2010 when warming decreased [N] by 8-32%, depending on species. Individuals
of all species growing in monoculture displayed 6% and 22% higher shoot [N] than those
in 4- and 16-species plots, respectively. Dalea displayed the highest shoot [N] values and
Lupinus displayed the lowest shoot [N] values. Shoot C:N results were similar to shoot
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[N] (data not shown). Total shoot N content did not follow the trends seen for shoot [N].
Diversity and species were the only factors that affected total shoot N. Following the
trends seen for aboveground biomass, total shoot N content was lower in 16-species plot
compared to 1- and 4-species plots. In 16-species plots, Lupinus exhibited the highest
total N content while Dalea displayed the lowest.
Legume shoot δ15N values varied from -4.43‰ to 2.41‰ (mean -2.06‰), and
reference plant values overlapped legume values with a range of -6.69‰ to 3.40‰ (mean
-1.41‰). Significant interannual variation in %Ndfa was evident in all three ANOVA
models, mostly driven by interannual variation in Dalea and Lupinus (Fig. 2-5b). In
Dalea, %Ndfa was twice as high in 2010 than 2009, and Lupinus displayed 44%
higher %Ndfa values in 2010 than 2009. Plots with higher diversity generally displayed
higher %Ndfa values. In 2010, %Ndfa in 16- and 4-species plots was twice that exhibited
in monocultures, while %Ndfa was three times higher in 16-species plots compared to 4species plots in 2009 (Fig. 2-5b). Species also differed in %Ndfa, with Lespedeza and
Amorpha relying the most on fixation and Lupinus relying the least. Warming treatment
did not affect %Ndfa (Table 2-4).

Discussion
Ongoing global climate change may affect ecosystem nutrient cycling, plant traits,
and community structure directly and indirectly. Because nitrogen (N) is often a limiting
nutrient and legumes play a significant role in N cycling, we examined the potential
impacts of warming on perennial prairie legumes and in situ net N mineralization rates
using a manipulative field warming study. As expected, warming increased soil
temperature and decreased soil moisture. Contrary to our expectations, net N
mineralization rates, an index of plant available N, did not differ among warming
treatments or diversity levels, but showed strong interannual variation during the autumn
sampling period. Warming decreased shoot [N] but had no effect on the reliance on N2fixation. Warming increased aboveground biomass for two species. This higher biomass
did not lead to higher aboveground N pools in these legumes, though, because of the
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lower shoot [N]. Overall, these results suggest small potential legume-mediated changes
to N-cycling under elevated temperatures for this prairie ecosystem, and that climate
change may affect ecosystem N cycling more via effects on legume abundance and tissue
N chemistry than effects on N2-fixation.
Soil Microclimate and Nitrogen Dynamics
Experimental warming achieved via heat lamps or buried cables typically
increases soil temperature and decreases soil moisture (Rustad et al. 2001). We found
that warming increased surface soil temperature and the effect was stronger at lower
diversity levels, as we expected. This diversity effect may have been caused by
decreased evapotranspiration at higher diversity due to greater shading of the soil surface.
It could also be an artifact of the warming method. The higher biomass in more diverse
plots may cause higher transpiration rates and higher air humidity. The higher humidity
in more diverse plots may have absorbed more of the infrared radiation, decreasing the
amount that reached the soil surface. Warming also decreased soil moisture in the top 18
cm, but this response was not affected by diversity. However, we temper this conclusion
with the caveat that our soil moisture measurements were single time point measurements
that may not reflect the mean effect of warming or its interaction with diversity over the
growing season.
Net N mineralization is often used as an index of plant available N (Schimel and
Bennett 2004). Contrary to our expectations, we found no effect of warming or diversity
on net N mineralization rates. Previous studies have yielded mixed results on the effect
of warming on net N mineralization (Rustad et al. 2001). In a subalpine warming
experiment in the Rocky Mountains, warming did not affect N transformation rates in a
mesic site, but did increase net N mineralization in a dry site for two out of three years
(Shaw and Harte 2001). Interannual variation in the warming response of N
mineralization was also seen in an Oklahoma tallgrass prairie warming experiment, with
warming increasing it one year and decreasing it the next (Wan et al. 2005). A lack of
response may be due to the antagonistic effects of decreasing soil moisture and increasing
soil temperature. We did find that the warming treatment increased net ammonification
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in the autumn of 2010, but warming had no effect on net nitrification. Net nitrification
was larger than ammonification and likely had more influence on net N mineralization
rates. The increase in ammonification may have arisen due to higher gross mineralization
rates, lower microbial immobilization, or decreased nitrification rates under warming.
Contrary to our findings, warming increased immobilization during the first two years of
two other field warming studies (Shaw and Harte 2001, Larsen et al. 2011).
Mineralization rates were much higher during the autumn of 2010 compared to
any other time period. The reasoning for this is unclear. Possibly, decomposition of
senesced Lupinus occurred during this period, and the higher soil moisture in 2010
allowed a large pulse of mineralized N to be released. For all incubation periods except
autumn 2010, net N mineralization values ranged from -0.2 to 0.3 ugN g-1 soil day-1,
which is several orders of magnitude smaller than values measured in 2007 reported
previously for these plots (Fornara et al. 2009) but more similar to gross mineralization
rates measured in these plots in 2000 (Zak et al. 2003). The reason behind this
discrepancy is unclear, but may be due to variation in methods or relatively high
concentrations of NO3- and NH4+ occasionally found in our blanks.
Legume Biomass, N Concentrations, and Reliance on Fixation
Dalea and Lupinus were the only species that displayed an aboveground biomass
response to warming treatment, with three and two times, respectively, higher biomass
under warming when averaged across 4-, 16-, and 32-species plots in 2010. The biomass
harvest occurred when Lupinus was senescing. For this species, warming may have
delayed senescence leading to higher biomass in these subplots at the time of harvest,
although we detected no effect of warming on community NDVI during this time in 2011
(Chapter 3). In a growth chamber experiment with seedlings of these species, Lespedeza
was the only species to display enhanced growth under elevated temperature, although
there was trend for a small increase in biomass for Dalea (Fig. 1-3) (Whittington et al.
2012). These discrepancies could indicate that seedlings and mature plants will respond
differently to warming, and these differences could interact to affect community structure
over time. The differences between the two studies could also be due to the indirect and
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complex interactions that occur in field settings but not in the controlled environment of
a growth chamber. Increases in legume abundance and biomass may lead to higher fixed
N inputs and greater mineral N availability to neighboring plants.
Warming decreased shoot [N] concentrations, with reductions of 8-32%
depending on species, suggesting a decrease in mineral N uptake. This reduction in
uptake could be due to decreased soil moisture or undetected decreases in soil N
availability. We also cannot rule out the possibility of warming effects on root biomass
or architecture that could also affect N uptake. Previous studies have yielded mixed
results on the impact of warming on tissue nitrogen concentrations. Warming decreased
shoot [N] in several species of Oklahoma tallgrass prairie (An et al. 2005). Similar results
have been found for clover (Lilley et al. 2001), rhizome peanut (Fritschi et al. 1999), and
several woody species (Tolvanen and Henry 2001). Warming, however, was found to
increase [N] in a moist tundra ecosystem (Welker et al. 2005), and the authors attribute
this increase to an increase in N mineralization. In an old-field grassland community in
Tennessee, warming had no effect on shoot [N] in several species, including two
legumes (Garten et al. 2008). Decreases in shoot [N] (and resulting increases in shoot
C/N) may affect herbivory and litter chemistry which, in turn, will affect decomposition
(Hobbie 1992, Cornwell et al. 2008). Decreases in shoot [N] may also decrease the
stimulatory effect these legumes have on mineralization. These effects may then
feedback to affect nutrient cycling, plants, and other trophic levels.
Despite the reduction in shoot [N] seen under warming in our experiment, total
shoot N content was not affected by warming, indicating that total aboveground biomass
N pools in legumes were unchanged. Surprisingly, we did not see higher total shoot N
content for Dalea or Lupinus under warming even though warming treatment increased
biomass for these species. For these species, the decrease in [N] counteracted the effect
of increased biomass under warming. If the reliance on N2-fixation remains constant, the
lack of a warming effect on legume aboveground N pools suggests that the amount of
fixed N added to this system by these legumes will remain unchanged in the future.
Interannual variation in shoot [N] was larger than variation due to warming
treatment. N concentration was higher in 2010 when it was warmer and wetter than 2009.
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These environmental conditions may have led to higher N uptake ability (Bassirirad 2000)
and/or N availability, although our measures of plant available N during late spring and
summer did not show significant differences between years. We also found strong
interannual variation in shoot [N] of grasses collected in these plots, but not in nonleguminous forbs (data not shown).
Contrary to expectation, N2-fixation (estimated as the proportion of nitrogen
derived from fixation, %Ndfa) was not affected by warming treatment. As with net N
mineralization, the warming induced soil moisture decreases may have offset the
increases in soil temperature. Also, our net N mineralization results indicate no change in
plant available soil N under warming. The effects of warming on these three drivers of
N2-fixation probably combined to produce no change in the reliance on fixation. We also
found no effect of warming on nodule fresh weight, which ranged from 0 g m-3 to 240 g
m-3 among subplots in 2011 (data not shown). Warming affected N2-fixation in several
other field warming studies (Lilley et al. 2001, Garten et al. 2008). The lack of any
warming induced changes to %Ndfa and total N content in our study suggests that the
amount of fixed N added to these systems will not change significantly due to future
temperature increases. The future response, though, is likely to depend on how the
specific drivers of N2-fixation are affected and on potential changes to legume abundance.
Nitrogen fixation did show variation among years and diversity levels. Percent
Ndfa was higher in 2010 than 2009, most likely due to higher precipitation and warmer
temperatures. The legumes also displayed greater reliance on fixation as diversity
increased, as we expected. It is likely that these legumes face stronger competition for
mineral N in the presence of many non-legume neighbors, including grasses, than they
experience in less diverse plots. A decrease in competition for N in lower diversity plots
was also visible in our [N] results. Shoot [N] increased with decreasing diversity for
these legumes, with 22% higher [N] in monoculture than plots with 16 species. Evidence
for this phenomenon has also been found in several other studies (Lilley et al. 2001,
Carlsson et al. 2009, Roscher et al. 2011). These results suggest that any warminginduced changes in diversity or species composition may indirectly affect fixation rates
and, in turn, the amount of fixed N that is added to the community.
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The 15N natural abundance method for measuring %Ndfa used in this study is not
without limitations (Shearer and Kohl 1986, Handley and Raven 1992, Boddey et al.
2000). Our values of %Ndfa may be inflated since we assumed at least one individual of
each species was relying solely on fixation each year. However, our values are still
relatively low compared to values reported for the same species in a different field
experiment in the same field (West et al. 2005). Our low values most likely occurred
because several individuals exhibited higher δ15N values than the mean reference values.
Since a negative reliance on fixation is not feasible, we set the %Ndfa value to zero for
these individuals. Our data suggest that this method for measuring N2-fixation may not
be suitable for this system since there was not a large difference in the δ15N values of
legumes and reference plants. Since we did not see a large difference between legume
δ15N values and reference plant δ15N values, our %Ndfa values should not be considered
as quantitative measurements of N2-fixation and it would be inappropriate to use these
values to estimate amount of fixation on an ecosystem wide basis (Ledgard and Peoples
1988). We attempted to measure the δ15N of mineral soil N using a diffusion method
(Stark and Hart 1996, Stephan and Kavanagh 2009) and our KCl soil extracts but
insufficient recovery prevented us from calculating δ15N values.
Our experimental design allowed us to examine the potential influence of plant
species diversity on the effects of warming in these communities. Diversity did not affect
the warming response in any variable except soil temperature, suggesting that species
composition did not influence the response to warming. This result contrasts that found
in an European grassland warming and diversity experiment (De Boeck et al. 2008). In
this study, warming-induced decreases in aboveground biomass were higher at higher
species diversity. The authors attribute this interaction to increased evapotranspiration
and thus increased drought conditions under warming in more diverse communities
compared to the drought experienced under warming in less diverse communities.
However, this experiment was performed in mesocosms with plants that had been
growing for only three years. These relatively young plants may not have had to time to
develop large root systems, making them more vulnerable to the effects of warming on
soil moisture. Our warming experiment investigated the effect of warming on established
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(~15 years) plants that likely have large root systems. The legumes in our study may
have access to deep water and thus the warming-induced decreases in soil moisture did
not inhibit biomass production.

Conclusion
Our results after two years of warming suggest that the impacts of temperature
increases on legumes and N-cycling in this system are likely to be mediated through
changes in legume abundance and tissue chemistry and not through N2-fixation. The
only effects of warming on legumes were a decrease in shoot [N] for all species and
increased shoot biomass for two species. These effects have the potential to alter Ncycling. We also found few significant interactions between diversity and warming,
suggesting that diversity has little influence on the warming responses of N-cycling
processes. However, many of the variables we measured showed strong differences
between a very dry year and the following wet year, which confirms that these processes
are responsive to climate. The strong interannual variation underscores the need for
multi-year, manipulative field experiments. Additionally, significant effects of warming
may arise over time as changes, especially to community structure, accumulate and
interact, and these effects will not be detected in single year studies.
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Table 2-1. Summary of three analysis of variance models used to analyze variables
measured on legume individuals.
Subset of data
analyzed

Fixed effects included
in model

Unique insight

1

Dalea and Lespedeza
individuals in 4- and
16-species plots

Year, Species,
Diversity, Warming
treatment

Highlights potential
species x diversity
interactions

2

Individuals in 1-, 4-,
and 16-species plots

Year, Diversity,
Warming treatment

Permits diversity to
be examined at three
levels

3

Individuals in 16and 32- species plots

Year, Species,
Warming treatment

Allows all species to
be compared

Model
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Table 2-2. F-ratios(degrees of freedom) from ANOVA of fixed effects on soil variables measured during the first two years of a warming
and plant diversity experiment.
Soil Temp
Effect

1

Soil moisture

Net N
mineralization

Net
ammonification

Net
nitrification

2009

2010

Y

--

--

3688.8 (1,435) *

6.0 (1,435) *

0.2 (4,58)

13 (1,435) *

D

16.4 (2,29) *

26.2 (2,29) *

2.1 (2,29)

0.4 (2,29)

0.5 (2,29)

0.9 (2,29)

W

334.8 (2,58) *

299.2 (2,58) *

13.4 (2,58) *

1.0 (2,58)

3.3 (2,58)*

0.2 (2,58)

P

8756.9 (1,87) *

7996.1 (2,174) *

179(2,435) *

1.8 (2,435)

2.1 (2,435)

7.7 (2,435)*

YxD

--

--

22.7(2,435) *

0.5 (2,435)

0.5 (2,435)

1.4 (2,435)

YxW

--

--

3.3 (2,435)*

1.1 (2,435)

4.1(2,435) *

0.1 (2,435)

YxP

--

--

60.8 (2,435) *

3.5 (2,435) *

2.4(2,435) †

10.0(2,435) *

DxW

7.7 (4,58) *

13.7 (4,58) *

0.4 (4,58)

0.5 (4,58)

1.0 (4,58)

0.7 (4,58)

DxP

22.6 (2,87) *

22.1 (4, 174) *

2.2(4,435) †

0.3 (4,435)

0.7 (4,435)

0.9 (4,435)

WxP

0.4 (2,87)

11.7 (4,174) *

2.4 (4,435)*

1.2 (4,435)

3.3(4,435) *

0.2 (4,435)

YxWxP

--

3.1 (4,435)*

1.2 (4,435)

3.2(4,435) *

0.2 (4,435)

DxWxP

0.5 (4,87)

0.8 (8,435)

1.0 (8,435)

0.7 (8,435)

2.3 (8,174) *

Y year, S species, D diversity, W warming, P incubation period. †,* indicate significant effect at P<0.1 and 0.05, respectively. The first degrees
of freedom (df) value is numerator df and second value is denominator df. 1Insignificant (P>0.1) 3-way and 4-way interactions not shown.
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Table 2-3. Mean increase in surface soil temperature (°C) from ambient in plots varying
in diversity under two levels of warming.

1-species

Diversity level
4-species 16-species

32-species

High
Low

2.46
1.08

2.37
1.07

1.45
0.62

2.24
1.06

High
Low

2.64
1.09

1.98
1.12

1.30
0.51

1.77
0.98

Warming
treatment

2009
2010

Year
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Table 2-4. F-ratios(degrees of freedom) from ANOVA models 1, 2, and 3 used to analyze
variables measured on legume individuals during the first two years of a warming and
plant diversity experiment.

Model 1

Model 2

Model 3

Effect1

Aboveground
biomass

Shoot [N]

%Ndfa

Total shoot N
content

Y

2.0 (1,70)

51.3 (1,171)*

59.3 (1,171) *

0.7 (1,54)

S

39.8 (1,99) *

7.3 (1,72) *

39.1 (1,53) *

0.2 (1,38)

D

20.2.4 (1,11) *

0.2 (1,13)

10.2 (1,13) *

44.7 (1,13) *

W

5.0 (2,25) *

8.4 (2,27) *

0.6 (2,30)

3.1 (2,17)

YxS

0.3 (1,71)

0.7 (1,166)

24.0 (1,167) *

0.1 (1,52)

YxD

2.4 (1,71)

0.3 (1,72)

12.5 (1,171) *

0.3 (1,54)

YxW

4.7 (2,70) *

4.0 (2,170) *

0.7 (2,170)

0.5 (2,59)

SxD

102.2 (1,89) *

3.5 (1,72) †

0.2 (1,54)

13.0 (1,38) *

SxW

3.0 (2,88) †

2.5 (2,102) †

4.6 (2,98) *

0.2 (2,60)

DxW

0.1 (2,25)

0.1 (2,27)

0.1 (2,30)

0.4 (2,59)

YxDxW

1.7 (2,71)

3.5 (2,170) *

0.1 (2,170)

0.4 (2,59)

Y

1.8 (1,174)

68.3 (1,371) *

13.2 (1,367) *

0.7 (1,153)

D

14.0 (2,15) *

12.2 (2,15) *

10.8 (2,17) *

20.7 (2,14) *

W

5.5 (2,132) *

7.0 (2,50) *

0.9 (2,47)

0.6 (2,126)

YxD

4.9 (2,175) *

1.0 (2,372)

17.7 (2,368) *

0.8 (2,154)

YxW

2.9 (2,175)

4.4 (2,368) *

1.2 (2,367)

0.7 (2,152)

DxW

3.6 (4,101) *

0.9 (4,47)

1.3 (4,44)

0.9 (4,112)

Y

29.0 (1,211) *

72.9(1,443) *

31.7 (1,441) *

8.4 (1,203) *

S

53.8 (3,227) *

61.2(3,414) *

55.6 (3,442) *

19.9(3,206) *

W

3.4 (2,24) *

4.8(2,30) *

1.4 (2,25)

0.4 (2,27)

YxS

8.3 (3,211) *

2.9 (3,434) *

4.1 (3, 431) *

2.8 (3,194) *

YxW

1.1 (2,211)

6.5(2,446) *

1.7 (2,444)

0.5 (2,204)

SxW

2.6 (6,232) *

1.1 (6,450)

0.4 (6,446)

1.4 (6,210)

Y year, S species, D diversity, W warming. †,* indicate significant effect at P<0.1 and 0.05,
respectively. The first degrees of freedom (df) value is numerator df and second value is
denominator df. 1Insignificant (P>0.1) 3-way and 4-way interactions not shown.
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Table 2-5. Shoot [N] (mg/g) of four legumes grown at three diversity levels and under
three warming treatments for two years. Values are means ±SE.
Year
Effect

Level

2009

2010

Species1

Amorpha
Dalea
Lespedeza
Lupinus

14.4 ±0.3 c
17.0 ±0.3 ab
15.0 ±0.2 bc
9.8 ±0.3 d

17.5 ±0.4 ab
18.9 ±0.4 a
17.5 ±0.3 a
14.0 ±0.9 c

Warming
treatment

Ambient
Low
High

14.7±0.5 cd
14.3 ±0.4 d
14.3 ±0.5 cd

20.0 ±0.7 a
17.4 ±0.5 b
16.1 ±0.5 bc

Diversity2

1-species a
16.2 ±0.8
21.0 ±1.0
b
4-species
16.3 ±0.4
18.4 ±0.4
b
16-species
13.4 ±0.3
16.9 ±0.5
Letters indicate significant differences among means within each effect (P<0.05, post-hoc
Tukey’s HSD tests after ANOVA).
1

Values shown are means pooled across 16- and 32-species plots

2

There were no diversity x year interactions and the differences between the diversity

levels is shown with letters next to the level.
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Figure 2-1. Several pathways through which warming can affect N2-fixation.
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Figure 2-2. The effect of warming on initial soil moisture measured at the start of three N mineralization incubation periods in 2009 (a)
and 2010 (b). Letters indicate significant differences among means (P<0.05, post-hoc Tukey’s HSD test after ANOVA) across both
years. Error bars indicate ±SE.
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Figure 2-3. The effect of warming treatment on net N mineralization (a,b) and net
ammonification (c,d) at three time periods in 2009 (a,c) and 2010 (b,d). Error bars
indicate ±SE. Letters indicate significant differences across years (P<0.05 post-hoc
Tukeys HSD tests after ANOVA).
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Figure 2-4. The effect of warming on aboveground biomass as analyzed with three
different subsets of data. (a) The effect of warming on biomass as analyzed with model 1.
Only 2010 data are shown as this was the only year to show a significant effect of
warming. (b) The influence of diversity on the warming response of biomass (model 2).
Means are pooled across species and years. (c, next page) The effect of warming on
biomass for each species in diverse plots (model 3). Means are pooled across both years
16- and 32-species plots. Error bars represent ±SE. Letters indicate significant
differences (P<0.05 post-hoc Tukeys HSD tests after ANOVA) among means within each
model.
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Figure 2-4 (continued).
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Figure 2-5. The effect of year and diversity on the proportion of N derived from fixation
(Ndfa). (a) Interannual variation in Ndfa for the four focal legumes. (b) The effect of
plant diversity on Ndfa. Error bars indicate ±SE. Letters indicate significant differences
among means (P<0.05 post-hoc Tukey’s HSD tests after ANOVA).
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Chapter 3

Phenological responses of prairie plants to elevated temperature in a field
experiment in Minnesota
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Summary
As temperature is a common regulator of plant phenology, future increases in
global temperatures are likely to cause shifts in the timing of many plant phenophases,
such as flowering and senescence, with the potential for feedbacks on species interactions
and carbon cycling. We used a 3-year field warming study in a temperate grassland to
investigate the effects of warming on the reproductive phenology of 12 perennial plant
species. We also examined the effect of warming on green-up and senescence by
measuring normalized difference vegetation index (NDVI) of these plant communities
throughout one growing season. We found that several species, Amorpha canescens,
Dalea purpurea, and Andropogon gerardii, exhibited accelerated flowering (5-9 days
earlier) under warming. For many species, interannual variability in flowering time was
as large or larger than the effect of warming treatment in any given year. For several
species, responses to warming were not consistent among years. Species did not cluster
into groups based on their reproductive phenological response to warming. Warming led
to higher NDVI values only in the spring, indicating that warming accelerated spring
green-up, but had no effect on senescence. These results suggest that the community
flowering profile will be altered under warming, potentially affecting trophic and
competitive interactions, and indicate that the timing to peak biomass will be accelerated,
likely affecting ecosystem carbon cycling. The large interannual variation we found and
the fact that species’ responses to warming could not be predicted by one year of data
collection highlight the need for long-term global change studies.
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Introduction
Global mean air temperatures have risen 0.65°C in the past 50 years and are
predicted to rise another 1.8-4.0°C by 2100 (IPCC 2007). Many plant phenological
events, defined as the timing of recurring life history events such as emergence,
flowering, and senescence, are controlled in large part by temperature and are expected to
change with climate (Peñuelas and Filella 2001). Indeed, both observational studies
(Fitter and Fitter 2002, Menzel et al. 2006, Miller-Rushing and Primack 2008) and
manipulative warming experiments (Dunne et al. 2003, Sherry et al. 2007, Jarrad et al.
2008, Liancourt et al. 2012) document shifts in plant phenology that have already
occurred or are likely to occur in the near future. While studies that find changes in
phenology with temperature change are accumulating, a consistent understanding of
which variables are most sensitive to temperature change, and whether species’
phenological responses to temperature differ consistently among functional types has yet
to emerge.
Many plant phenological investigations focus on the timing of emergence and
senescence, as shifts in these events have implications for net primary productivity and
thus global carbon cycling (Penuelas et al, 2009). Some studies have shown earlier
emergence or leaf out dates and delays in senescence when individual plants are
monitored (Arft et al. 1999, Menzel et al. 2001). This lengthening of the growing season
has also been observed regionally or globally with remotely sensed vegetation reflectance
indices (Myneni et al. 1997, Jeong et al. 2011). For North America, satellite reflectance
data suggest that the lengthening of the growing season is due mostly to a delay in
autumn senescence of approximately 9.4 days over the past thirty years (Jeong et al.
2011).
The timing of reproduction (budding, flowering, seeding) is another common
event examined in phenological studies. Shifts in the timing of reproduction have
consequences for plant-pollinator interactions, fitness, and competitive interactions
(Visser and Both 2005, Parmesan 2007, Forrest et al. 2010, Wolkovich and Cleland
2011). Collectively, studies have found that the effect of warming on flowering time
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(either peak flowering or first flowering date) is species-specific, with some species
displaying a response while others are not affected (Bradley et al. 1999, Penuelas et al.
2002, Liancourt et al. 2012). This result is not surprising as some species are probably
regulated by factors other than temperature, such as photoperiod (Tooke and Battey
2010). The majority of species exhibiting a shift in flowering with temperature elevation
show an advancement of flowering (Dunne et al. 2003, Cleland et al. 2006, Menzel et al.
2006, Miller-Rushing and Primack 2008) but a few show delayed flowering (Penuelas et
al. 2002, Sherry et al. 2007). For example, in one study of 57 Mediterranean species, 27
showed an advancement of flowering over the past 50 years while only 3 showed a delay
in flowering (Penuelas et al. 2002).
In an effort to enhance predictions of which plants will respond to warming,
researchers have tried to find patterns that correlate phenological responses to species
traits. One trait commonly considered is flowering seasonality, i.e. when species tend to
flower during the growing season. Some studies have reported a stronger response in
early flowering species (Fitter and Fitter 2002, Menzel et al. 2006, Miller-Rushing and
Primack 2008) while others found no correlation between the response and flowering
seasonality (Penuelas et al. 2002, Jarrad et al. 2008, Liancourt et al. 2012). One study of
grassland species detected a relationship between the direction of the shift and flowering
seasonality. Early flowering species flowered earlier while later flowering species
showed delayed flowering when plots of prairie vegetation were experimentally warmed
for one year (Sherry et al. 2007). A similar lack of consensus among studies exists when
taxonomy, growth form, or origin (native vs. non-native) are related to phenological
responsiveness (Fitter and Fitter 2002, Penuelas et al. 2002, Davis et al. 2010).
While the patterns of plant phenological responses to increasing temperatures are
emerging, there are at least three gaps in understanding that remain. 1) Do species within
functional groups respond similarly to elevated temperatures? 2) Do slight increases in
temperature (e.g. 1 °C) elicit the same responses as larger temperature increases? 3)
What is the magnitude of inter-annual variation in these processes?
Here we used a manipulative field warming experiment to examine the impact of
low (~1 °C) and high (~3° C) warming on the phenology of perennial grassland plants at
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three hierarchical scales: individual, population, and patch (i.e. groups of plants from
different species). For three years, we monitored height and reproductive timing on
tagged individuals and observed flowering in populations of twelve species that vary in
functional group (C4 warm-season grasses, C3 cool-season grasses, legumes, and nonleguminous forbs) and flowering seasonality. To monitor green-up and senescence of the
community, we measured canopy reflectance of small patches from which we calculated
the normalized difference vegetation index (NDVI), a measure of greenness.
We predicted that early flowering species would show advancement of flowering
under warming while later flowering species would exhibit delays, following the results
seen in a warming experiment with similar grassland species (Sherry et al. 2007). We
expected warmed communities to show accelerated green up and delayed senescence, but
that the response of senescence would be more apparent than emergence because annual
spring burning would disconnect emergence from temperature in our prairie ecosystems.
Because shifts in phenology have already occurred in the past fifty years as a result of
temperature increases similar to that produced by the low intensity warming treatment,
we expected our low warming treatment to induce significant changes in phenology but
at a smaller magnitude than those of the high warming treatment.

Methods
Site Description
This study occurred in a manipulative field warming experiment at Cedar Creek
Ecosystem Science Reserve in East Bethel, MN, USA. This site occurs on a sandy
glacial outwash plain with sandy soils low in nitrogen (Tilman 1987). The long-term
mean annual temperature of this site is 6.8°C, and long-term mean annual precipitation is
799mm, 12% of which typically falls as snow. The long-term mean growing season
(April through September) temperature is 16.4°C, and the long-term mean growing
season precipitation is 583mm. Ambient climatic data for the three years of our
experiment appear in Table 3-1.
62

Experimental Design
The warming experiment was superimposed on an existing 13-year old grassland
biodiversity experiment (Tilman et al. 2001). In 1994 and 1995, 9x9m2 plots were sowed
with seed mixtures containing 1, 4, 16, or 32 species of perennial grassland plants native
or naturalized to Minnesota and varying in functional groups (Tilman et al. 2001). In
2008, a subset of these plots was split into three 2.5x3m subplots and overhead infrared
heat lamps (Kalglo Electronics, Bethlehem, PA, USA ) were hung over two of these
subplots (one lamp per subplot) to achieve two levels of warming: low and high. Lamps
emit 600 and1200 watts of radiation in high and low warming subplots, respectively. The
height of lamps (1.8m) and amount of radiation were chosen for their ability to warm
bare ground surface soil by 3°C and 1.5°C for high and low warming, respectively. The
presence of vegetation, though, will attenuate soil warming. Metal flanges were placed
over the lamps to facilitate even distribution of heat the subplot. Flanges without lamps
were also placed over the third ambient control subplot. Surface soil temperature was
monitored hourly with three iButtons (Maxim, Sunnyvale, CA, USA) buried ~1cm deep
in each subplot.
Sampling Approach
We made phenological observations of reproductive events at two scales, the
individual and the population scale, and measured canopy reflectance at the patch scale
(i.e. small areas that include many individuals of several species). Individual scale
measurements were made on tagged individuals of twelve species (Table 3-2), allowing
us to follow the same plant over time and revealing the average response of individuals of
that species. However, these measurements do not necessarily reveal whole population
responses, such as first flowering date and peak flowering, so we also made direct
observations of reproduction at the population level. Reflectance measurements were
made at the patch scale as the footprint of the sensor is too large to isolate a single
individual. It should be noted that not all phenological events were measured at all levels
(e.g. flowering could not be discerned from reflectance measurements).
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Observations of Reproduction
Because, by design, not every species appears in the low diversity treatments (e.g.
1- and 4-species plots), we restricted our phenological observations of reproduction to the
16- and 32-species plots, where there was greater representation of our twelve target
species. The targeted species are all native, perennial prairie plants that were seeded in
when the original biodiversity experiment was established (Table 3-2). These species
represent three families (Asteraceae, Fabaceae, and Poaceae) and have been previously
placed into functional groups including: C3 (cool season) grasses, C4 (warm season)
grasses, legumes, and non-legume forbs. These species display a range of flowering
times (i.e. flowering seasonality) from May to September (Table 3-2).
For individual-scale measurements, at the start of each growing season from 2009
to 2011, up to three individuals of each species were tagged in each subplot of eleven 16
or 32 species plots. Once a week, the height of these tagged individuals was measured
and reproductive stage was recorded. The number of individuals tagged and the number
of those that flowered are noted in Table 3-2. Stages included budding and flowering. In
addition to tracking individuals, we also monitored population-level phenology in each
subplot. For each species, the percentage of individuals flowering in each subplot was
estimated each week. From these individual and population level observations, we
calculated the variables presented in Table 3-3. We restricted our individual and
population observations to a 40cm wide by 2.5m long strip along the center of each
subplot to ensure that the plants would not be disturbed by other measurements occurring
in the plots.
Reflectance Measurements
We measured canopy reflectance spectra of the subplots with a UniSpec single
channel spectrometer (PP Systems International, Amesbury, MA, USA) equipped with a
straight fiberoptic cable, which quantifies canopy reflectance at 3nm wavelength intervals
from 400nm to 1000nm. An L-shaped scaffold was used to hold the sensor 150cm over
the plots during measurement. We placed the scaffold in the same location to ensure that
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the same 36cm diameter “patch” was measured each time. At each time point, we
measured the reflectance spectra of two patches for each subplot monitored. In 2011, we
measured canopy reflectance of subplots in all 4-, 16-, and 32-species plots throughout
the growing season, starting in May after plots were burned and ending early November
when the majority of plants had senesced. All readings were taken within two hours of
solar noon and frequently referenced to a white standard.
We used these spectra to calculate the normalized difference vegetation index
(NDVI) using the equation (R800 –R660)/(R800 +R660), where R is the reflectance at the
indicated wavelength. The NDVI is used extensively in image analysis from both remote
sensing and ground-based sensors as an index of ‘greenness’ that ranges from -1 to 1,
with higher values indicating more green biomass (Pettorelli et al. 2005).
Statistical Analysis
The effects of species, year, and warming treatment on the calculated individual
and population-level phenology variables were analyzed with analysis of variance. To
account for the split-plot design, the ANOVA models included plot and its interaction
with subplot (warming treatment) as random factors in addition to the fixed main and
interactive effects of species, year, and warming treatment. For the individual level
variables, Type III sums of squares were used to test the significance of the fixed effects.
At the population level, the ability to monitor the phenology of a species may depend on
the abundance of that species in the plots, i.e. one may be more likely to detect
statistically significant responses for abundant rather than rare species. To account for
this when analyzing the population level variables, we added unpublished data on species
biomass (a proxy for abundance) as the first effect in the model and used sequential Type
I sums of squares to remove any variation in response due to abundance. For each year,
aboveground biomass was collected in 0.1 x 1.5m strips in each subplot. For each
species in each subplot, the biomass over the three years was summed and used as a
proxy for relative abundance. Achillea, Solidago, and Sorghastrum were excluded from
most of the analyses because too few individuals flowered. When the three-way
interaction was not near significance, it was removed from the model. Comparisons
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between treatment levels were analyzed either with Tukey HSD post-hoc tests or with
pair-wise least square differences, using the Bonferroni adjustment to correct for multiple
comparisons. Height data were log-transformed to improve normality.
We did not have sufficient power in our design to include functional group as a
main effect in our ANOVAs. As an alternative, we used principal components analysis
(PCA) to determine whether phenological responses of species were consistent among
groups and years. For each species and year, the difference between the high subplot and
ambient subplot value for the following six phenological variables was calculated: first
flowering date (FFD), peak flowering date, mean date of budding and flowering of
tagged individuals, length of flowering season, and mean duration of flowering of tagged
individuals. These plot differences (warming treatment responses) were averaged across
plots for each species and year and then analyzed with PCA. Since all the variables are
not in the same units, the analysis was performed on the correlation matrix.
Patch-level NDVI of 4- and 16-species plots was analyzed with ANOVA with
diversity, warming treatment, and date as fixed factors and plot as random factor. NDVI
was arcsine transformed to improve normality. Mean differences were determined with
post-hoc Tukey’s HSD tests. The 32-species plots were analyzed in a separate ANOVA
because they were planted with species drawn from a different species pool and so cannot
be included as another diversity level with the other plots. All statistical analyses were
performed with JMP 9 software (SAS Institute, Inc., Cary, North Carolina, USA).

Results
Warming treatment effects on soil temperature
Soil temperature data indicate that our warming treatments effectively warmed the
surface soil (and by inference, also the air temperature), but that the magnitude of
warming effects varied among diversity treatment and year (Table 3-1). On average,
high warming increased soil temperature by 1.3°C over the growing season. Low
warming increased soil temperature by 0.66°C.
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Reproductive phenology
For all but one reproductive variable, the main effects of species, year, and
warming treatment were all significant (Table 3-4). Not unexpectedly, the species effect
accounted for most of the variation in all variables. For many variables, the variation
among years exceeded the variation due to warming treatment. The interaction of species
with year or warming treatment was often significant, indicating that specific species are
driving the results.
For individuals in diverse communities, warming generally led to earlier
flowering at both the population and individual scales, with the largest response seen
under high warming. First flowering dates (FFD) for Dalea and Amorpha were 9 and 7
days earlier under high intensity warming compared to ambient, respectively. Amorpha,
Andropogon, Dalea, and Schizachyrium reached peak flowering 7, 6, 5, and 6 days earlier,
respectively, under high warming than ambient (Fig. 3-1). The main effect of warming
for FFD and peak flowering was significant in 2010 and 2011. Tagged individuals of
Amorpha and Dalea flowered 7 and 8 days earlier, respectively, under high warming
compared to ambient. Tagged individuals of Andropogon in low warming subplots
flowered 7 days earlier than those in ambient subplots.
Overall, FFD and peak flowering date were 8 days earlier in 2010 and 1-2 days
earlier in 2011 compared to 2009. Amorpha and Dalea were the only two species that
did not display significant interannual variability in FFD or peak flowering date (Table
S3-1). Tagged individuals of Andropogon, Lespedeza, Liatris, Lupinus, and
Schizachyrium flowered at significantly different dates among years (Table S3-2).
Budding at the individual level was also affected by warming treatment and year,
with several species driving the results. Budding occurred 7 days earlier under high
warming compared to ambient controls for Amorpha and Dalea. Tagged individuals of
all species except Poa and Andropogon differed significantly in budding date among
years (Table S3-2).
Across all species in 2010, the length of the flower season was 18% longer and
the duration of flowering for a tagged individual was 16% longer under high warming
than ambient. However, an effect of warming treatment within each species could not be
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detected for these two variables. All species except Amorpha, Lupinus, and
Schizachyrium showed significant interannual variation in flowering season length (Table
S3-1). Lupinus, Andropogon, and Liatris showed variation in the duration of flowering
among years (Table S3-2).
Warming treatment did not affect the height at which individuals flowered. A
post-hoc Tukey’s HSD test on the significant three-way interaction revealed that
warming did not affect height at flowering within each year for any species. All species
except Amorpha flowered at different heights among years. Across all species, height at
flowering was tallest in 2011 and shortest in 2009 (data not shown).
PCA Analysis of warming treatment response
To help determine if groups of species share similar responses to warming
treatment, differences between high warming and ambient subplot values for six
phenological variables were analyzed with principal components analysis (Fig. 3-2). The
first axis of the PCA explains 47% of the variation in the response, while the second axis
accounts for 20% of the variation. Table 3-5 gives the loading values/eigenvectors of
each variable for the first two axes. First flowering date had the highest loading value for
axis one and duration of flowering had the highest loading value for axis two. Species do
not cluster into distinct groups. There is also no clear pattern among years, but some
species show more year to year variation in response compared to others. For example,
Lupinus responses cluster together while Liatris responses are mores scattered across the
first two axes.
Patch-level NDVI
For 4- and 16-species plots, warming treatment only affected NDVI early in the
growing season, on 17-May and 23-May (ANOVA warming x date, F(30,1420) = 2.69,
P<0.0001) (Fig. 3-3). High warming subplots displayed 68% and 24% higher NDVI than
ambient subplots on 17-May and 23-May, respectively. There was no significant
diversity by treatment interaction. The 16-species plots exhibited significantly higher
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NDVI than 4-species plots throughout May and July, suggesting higher biomass in the
more diverse plots (ANOVA diversity x date, F(15,1418) = 31.8, P<0.0001). For the 32species plots, Tukey’s HSD tests indicate that NDVI was 40% higher in the high
warming treatment compared to the ambient treatment on 17-May, even though the
treatment effect or the treatment by date interaction were not significant in the ANOVA
(data not shown).

Discussion
Changes to phenology are often the first and most apparent responses to elevated
temperature. We used a manipulative field warming experiment to examine the impact of
elevated temperature on the phenology of perennial grassland plant species. For three
years, we observed several variables of reproductive phenology at both the population
and individual plant scales. Two species that flower mid-season, Amorpha and Dalea,
showed consistent acceleration of flowering in response to the warming treatment.
Importantly, species’ responses to warming were not consistent with flowering
seasonality, and responses to warming were not always consistent among years. Our one
year of patch-level NDVI data indicated that the warming treatment accelerated spring
green-up but did not affect senescence. As predicted, we found stronger responses under
high warming than low warming.
Temperature affected the timing of flowering in a species-specific manner.
Amorpha, Andropogon, and Dalea showed acceleration of at least two flowering
variables under high warming. These species did not show significant advancement of
budding under warming, suggesting that warming may have shortened the duration of
budding. We found evidence for increased duration of flowering, at both the population
and individual scales, although we did not have enough power to detect these changes
within any species. In a 1-year Oklahoma warming study, warming delayed flowering in
Andropogon and Schizachyrium but accelerated budding in Andropogon (Sherry et al.
2007). By contrast, we observed that warming accelerated flowering for these species
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but did not affect budding. There are a number of possible explanations for the
discrepancies between our findings and their results. The differences may be due to the
short duration (1 year) of the Oklahoma study. The response to warming may differ
between years, as we found for several variables and seen in a 2-year warming study on
the Mongolian steppe (Liancourt et al. 2012). These discrepancies could also arise if a
species’ response to warming depends on its location and the ambient climate. In the
warmer climate of Oklahoma, warming that caused a 3°C increase in soil temperature
(Sherry et al. 2008) may have exceeded a threshold and caused more stress on these
species when compared to warming that caused a ~1.5°C increase in soil temperature in
the cooler climate of Minnesota. The inconsistent results could also be due to different
effects of warming on other variables, such as soil moisture, between the two studies.
Resolving these discrepancies and understanding whether climate change will affect
species differently across their ranges is important because temporal changes to the
flowering profile of a community will have consequences for trophic and competitive
interactions between species and individuals. These interactions can feedback to
influence community dynamics. It will also be useful to know whether the warming
response of a species in one location can be applied throughout that species’ range.
Contrary to our prediction and previous studies (Sherry et al. 2007, MillerRushing and Primack 2008), early flowering species did not show advancement of
flowering nor did late flowering species show delays. Indeed, three of the four species
that showed detectable shifts in flowering are species that flower in the middle of the
growing season. Our warming treatments started in April, but winter temperatures can
influence flowering time of spring flowering species (Miller-Rushing and Primack 2008).
The absence of winter warming could have caused our lack of a detectable response in
our early flowering species. Overall, our results do not show strong evidence that
flowering seasonality is a helpful predictor of flowering phenological responses to future
warming.
We also did not find evidence that species could be grouped according to their
responses to the warming treatment. The PCA did reveal that species may differ in the
interannual variability of their warming response. Some of this variation in response
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could be an artifact of the variation in species abundances. For example, Liatris was one
of the least abundant species and it showed the greatest interannual variation in response.
In general, our observed responses to warming treatment were strongest in 2010, which
was the warmest year. Possibly other environmental factors, such as more variable
precipitation in 2009 and 2011, affected flowering and obscured our ability to detect a
warming treatment response. Several other multi-year experimental warming studies have
also found yearly differences in phenological flowering responses to warming for several
species (Dunne et al. 2003, Cleland et al. 2006, Liancourt et al. 2012). This year-to-year
variation in response highlights the need for long-term data about how species respond to
climate change.
Many species exhibited significant interannual variation in several flowering
variables. In fact, the effect of year accounted for more variation in all flowering
variables than did warming treatment. Differences in the magnitude of phenological
variables between two years were often similar or larger than the differences between
warmed and unwarmed treatments within a year (Tables S3-1 and S3-2). Some species,
such as Andropogon, Liatris, and Lupinus, showed interannual variability in 6 of the 7
reproductive variables. Dalea and Amorpha, however, exhibited interannual variation in
3 or fewer variables. This lack of interannual variation in these two species was
unexpected, as their response to warming suggest that they are responsive to temperature.
Several experimental warming studies have also observed that interannual variation in
flowering phenology can be just as large or larger than the variation induced by warming
treatment (Dunne et al. 2003, Liancourt et al. 2012). While yearly variations in
temperature probably played a role in causing interannual variation in flowering time,
yearly variation in other factors such as precipitation and the timing of spring burning
likely contributed to interannual variation in these variables, as well (Henebry 2003,
Penuelas et al. 2004, Liancourt et al. 2012).
In 2011, we observed warming treatment effects on the NDVI only in the spring,
contrary to our prediction that senescence would show a stronger response. These results
are consistent with both a recent forest warming study that observed the greatest effect of
warming on leaf area index occurring in late spring and early summer (Rollinson and
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Kaye 2012) and a temperate grassland warming study that observed no effect of warming
on senescence (Hutchison and Henry 2010), but differ from an arctic tundra warming
experiment that found larger temperature effects on NDVI during senescence than greenup (Marchand et al. 2004). The higher NDVI in warmed plots during May could have
been caused by earlier emergence of plants, faster growth, or both. Unfortunately, our
measurements do not allow us to distinguish between these two possibilities. The lack of
a detectable warming treatment effect on senescence may have been due, at least in part,
to the lack of precipitation during this period that may have overridden any effect of
warming. The fall of 2011 was very dry, with virtually no precipitation (only ~4mm)
falling in September through October. Although we were unable to detect an effect of
warming treatment on senescence, visual observations suggested a delay of senescence in
many warmed subplots (H. R. Whittington, pers. obs.). While our results predict a longer
growing season and/or shorter time period to peak biomass, one year of data is clearly
insufficient for forecasting whether this trend will persist over time.
At all our measurement scales (individual, population, and patch) we generally
found larger responses under high warming than low warming and were often unable to
detect a response under low warming. However, we do not believe this necessarily
indicates that the plants are not responding to this warming treatment,. Several long-term
observational studies have shown that plants have shifted their phenology in response to
the natural ~1.5°C increase in air temperature that has occurred in the last 50-100 years
(Penuelas et al. 2002, Primack et al. 2004). The magnitude of the trends observed in our
study are within the range seen in these observational studies.

Conclusion
Overall, our results provide further evidence for shifting flowering phenology and
accelerating spring growth under elevated temperature. We found that warming
accelerated flowering in some species but had no effect on others. Species within
functional groups did not respond similarly to warming, and species did not cluster into
distinct groups based on their response. Similar to reproductive phenology, warming
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accelerated spring green-up but did not affect the timing or rate of senescence. Most
variables showed the strongest response under high warming, but the direction of
response was generally similar under high and low warming. We also found that the
magnitude of interannual variation was similar to or larger than the effect of warming.
The changes in plant phenology we observed have the potential to influence community
dynamics and ecosystem carbon cycling.
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Table 3-1. Ambient annual and growing season (April through September) climate
summaries (http://cedarcreek.umn.edu/research/weather/) and warming treatment effect
on surface soil temperature for the first 3 years of an experimental warming study at
Cedar Creek Ecosystem Science Reserve, East Bethel, MN.
Annual
Mean Temp (°C)
Mean Min Temp (°C)
Mean Max Temp (°C)
Cumulative Precipitation (mm)

Growing Season

2009
6.4
0.01
12.7
636

2010
8.0
1.9
14.1
832

2011
8.7
2.4
13.5
790

2009
16.1
8.7
23.5
388

2010
17.2
10.7
23.7
655

2011
15.9
9.9
22.0
721

Increase in surface soil
temperature in high warming
treatment (°C)

4-species
16-species
32-species

----

----

----

2.4
1.6
2.6

1.9
1.3
1.5

1.6
1.2
1.0

Increase in surface soil
temperature in low warming
treatment (°C)

4-species
16-species
32-species

----

----

----

1.2
0.7
1.2

0.9
0.5
0.8

0.8
0.5
0.8
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Table 3-2. Species characteristics and sample sizes
# of individuals tagged and proportion
of those that flowered
Species

Family

Function
al group

Seasonality
of flowering

2009

2010

2011

Achillea
millefolium

Asteraceae

Forb

Early

63,6%

64, 8%

74, 8%

Amorpha
canescens

Fabaceae

Legume

Middle

61, 62%

47, 79%

53, 74%

Andropogon
gerardii

Poaceae

C4 grass

Middle

98, 24%

102, 62%

108, 55%

Koeleria
cristata

Poaceae

C3 grass

Early

32, 63%

39, 36%

43, 47%

Lespedeza
capitata

Fabaceae

Legume

Late

98, 65%

90, 70%

99, 72%

Liatris aspera

Asteraceae

Forb

Late

67, 28%

43, 53%

60, 42%

Lupinus
perennis

Fabaceae

Legume

Early

100, 83%

102, 60%

108, 58%

Dalea
purpurea

Fabaceae

Legume

Middle

77, 74%

73, 46%

80, 78%

Poa pratensis

Poaceae

C3 grass

Early

106, 14%

105, 19%

107, 15%

Schizachyrium
scoparium

Poaceae

C4 grass

Late

100, 64%

96, 81%

103, 67%

Solidago
rigida

Asteraceae

Forb

Late

53, 8%

49, 31%

62, 53%

Sorghastrum
nutans

Poaceae

C4 grass

Late

23, 4%

28, 11%

43, 47%
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Table 3-3. Summary of phenological variables calculated from direct observations of
reproduction.
Tagged Individuals

Population Level

Budding date

First flowering date

Flowering date

Length of flowering season*

Duration of flowering*

Date of peak flowering

Height at flowering
*The duration of flowering indicates the length of time a
single individual flowers. The length of flowering season
represents the period when any individual of that species is
flowering.
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Table 3-4. F-ratios(degrees of freedom) from ANOVAs on each reproductive variable. F-ratios of population level variables are from Type 1
sums of squares. Effects were included in the model in the order shown after first including biomass. F-ratios of individual level
variables are from Type III sums of squares.
Population Level
Source of
variation
S

Individual Level

FFD
3252 (7, 575) *

Length of
flowering season
45.7 (7, 598)*

Peak flowering
date
3056 (7, 595) *

Flower date
1940.6 (8, 1022)*

Flowering
Duration
31.1 (7, 620)*

Flowering
Height
234.8 (8, 987)*

Bud date
872.4 (6, 724)*

W

16.3 (2, 19) *

4.4 (2, 21)*

23.5 (2, 17) *

5.8 (2, 30) *

14.8 (2, 30)*

5.3 (2, 41)*

0.02 (2, 29)

Y

139. (2, 564)*

8.9 (2, 585)*

108.2 (2, 582)*

131.9 (2, 715) * 35.9 (2, 1017) *

0.02 (2, 709)

169.1 (2, 978)*

SxW

2.7 (14, 578)*

0.8 (14, 596)

2.8 (14, 595)*

1.8 (12, 710)*

1.6 (16, 994)†

1.3 (14, 616)

1.8 (16, 984)*

SxY

16.9 (14, 564)*

20.1 (14, 586)*

14.4 (14, 582)*

40.4 (12, 712)*

9.0 (16, 1013)*

9.1 (14, 708)*

12.2 (16, 975)*

WxY

3.9 (4, 564)*

2.2 (4, 586)†

1.2 (4, 582)

2.1 (4, 710)†

1.4 (4, 1011)

2.1 (4, 708) †

0.89 (4, 979)

SxWxY

1.5 (28, 565) †

--

--

--

--

--

1.6 (32, 975) *

S species, W warming, Y year. †and * indicate P < 0.10 and 0.05, respectively. The first degrees of freedom (df) value is numerator df and
second value is denominator df.
Note: For population level variables, the results were unchanged when the order of effects was species, year, and warming.
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Table 3-5. Eigenvectors of variables used for the principal components analysis.
Variable

Axis 1

Axis 2

FFD

0.56

0.11

Peak flowering date

0.47

0.32

Length of flowering
season

-0.34

0.41

Bud date

0.45

0.39

Flower date

0.33

-0.40

Flowering duration

-0.18

0.64
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Figure 3-1. Difference in peak flowering date in warmed subplots compared to ambient
subplots for each species. Black bars denote difference in high warming subplots and
light gray bars denote difference in low warming subplots. Koeleria, Solidago, and
Sorghastrum were excluded from the analysis. * indicates significant difference (P<0.5,
post-hoc Tukey’s HSD test after ANOVA) of at least one warming treatment from
ambient. † indicates trend (P<0.10) that at least one warming treatment was different
from ambient.
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Figure 3-2. Axes 1 and 2 of principle components analysis on the warming responses of
several species in six reproductive phenological variables. Shape of marker indicates
year ( ♦ 2009, ● 2010, ▲ 2011). Color denotes species and functional groups: blues
and purples are legumes, reds are C4 grasses, yellows are C3 grasses, and greens are forbs.
Yearly values for each species are connected by lines.
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Figure 3-3. Normalized difference vegetation index (NDVI) values over the 2011
growing season for 16-species (a) and 4-species (b) plots. Month names placed at middle
of the month. * indicates high warming NDVI was significantly (P<0.05 post-hoc
Tukey’s HSD test after ANOVA) different from ambient. Error bars denote ±SE.
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Supplemental Information
Table S3-1. Mean values of population level reproductive variables by species and year.
Values in parentheses indicate standard error. Dates are given as Julian Day. Values in
bold indicate significant differences between at least two years (P<0.0065, least square
mean differences after ANOVA).

Species

Year

FFD

Peak flowering
date

Amorpha

2009
2010
2011

191.3 (1.1)
188.1 (1.7)
189.7 (1.2)

196.6 (0.9)
192.3 (1.8)
192.0 (0.9)

2.71 (0.23)
2.11 (0.18)
1.88 (0.20)

Andropogon

2009
2010
2011

208.7 (0.9)
195.2 (1.1)
203.2 (0.4)

217.3 (0.7)
211.9 (1.5)
218.0 (1.3)

3.48 (0.19)
4.88 (0.16)
6.69 (0.21)

Dalea

2009
2010
2011

198.0 (1.3)
198.5 (1.5)
198.7 (1.0)

205.7 (1.2)
201.3 (1.5)
203.8 (0.4)

3.36 (0.23)
1.95 (0.21)
2.75 (0.15)

Koeleria*

2009
2010
2011

162.6 (1.4)
160.1 (1.1)
167.5 (1.0)

165.7 (1.2)
163.0 (1.2)
169.2 (0.8)

1.89 (0.23)
1.80 (0.25)
1.29 (0.13)

Lespedeza

2009
2010
2011

219.4 (1.6)
213.4 (1.2)
214.3 (1.3)

224.0 (1.2)
217.8 (1.2)
224.0 (0.8)

2.38 (0.14)
1.97 (0.14)
3.19 (0.26)

Liatris

2009
2010
2011

242.9 (2.4)
236.2 (2.6)
246.3 (1.6)

249.2 (2.5)
249.1 (2.5)
254.4 (1.4)

2.35 (0.31)
3.84 (0.29)
3.18 (0.27)

Lupinus

2009
2010
2011

140.2 (0.6)
133.2 (0.9)
144.7 (0.8)

152.5 (0.4)
142.8 (0.9)
154.4 (0.7)

4.91 (0.08)
4.21 (0.19)
4.21 (0.16)

Poa

2009
2010
2011

149.2 (0.6)
144.7 (0.5)
153.7 (0.5)

161.7 (1.0)
151.8 (0.5)
156.1 (0.3)

3.39 (0.18)
3.12 (0.16)
2.09 (0.16)

Schizachyrium

2009
2010
2011

230.5 (1.4)
209.3 (1.2)
216.1 (0.8)

242.3 (1.6)
222.5 (1.2)
222.5 (1.2)

3.19 (0.30)
3.03 (0.14)
3.71 (0.17)

Solidago*

2010
2011

229.5 (1.4)
230.3 (1.5)

235.5 (1.5)
240.9 (1.6)

2.64 (0.27)
3.52 (0.31)

* Species not included in statistical analysis
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Length of flowering
season (wk)

Table S3-2. Mean values of individual level reproductive phenological variables by
species and year. Values in parentheses indicate standard error. Dates are given as Julian
Day. Values in bold indicate significant differences between at least two years
(P<0.0056, least square mean differences after ANOVA).

Species

Year

Bud Date

Flower Date

Flowering
duration (wk)

Amorpha

2009
2010
2011

172.5 (1.6)
154.3 (2.5)
165.8 (1.1)

196.8 (1.4)
194.4 (1.9)
190.6 (1.0)

1.82 (0.14)
1.29 (0.09)
1.55 (0.11)

Andropogon

2009
2010
2011

208.2 (1.7)
197.2 (1.9)
190.8 (1.2)

221.6 (1.3)
213.2 (1.9)
211.8 (1.3)

1.33 (0.13)
1.67 (0.11)
2.33 (0.13)

Dalea

2009
2010
2011

178.3 (0.7)
169.4 (2.0)
176.3 (0.8)

204.6 (1.1)
204.7 (2.0)
200.4 (0.7)

1.82 (0.10)
1.32 (0.11)
1.88 (0.09)

Koeleria

2009
2010
2011

140.0
138.3 (2.8)
149.4 (1.2)

165.5 (0.7)
160.1 (1.1)
169.4 (0.7)

1.85 (0.15)
1.70 (0.26)
1.06 (0.06)

Lespedeza

2009
2010
2011

200.5 (1.0)
167.4 (1.6)
170.8 (1.2)

228.5 (1.3)
220.2 (0.9)
221.4 (1.1)

1.79 (0.19)
-1.80 (0.11)

Liatris

2009
2010
2011

208.6 (3.2)
178.3 (1.9)
185.6 (1.3)

247.4 (1.9)
236.9 (2.7)
246.5 (1.5)

2.39 (0.22)
4.09 (0.31)
2.70 (0.21)

Lupinus

2009
2010
2011

132.5 (0.8)
123.1 (1.1)
140.0 (0.8)

149.2 (0.7)
141.5 (0.8)
150.0 (0.6)

2.24 (0.09)
1.5 (0.10)
2.18 (0.11)

Poa

2009
2010
2011

137.1 (1.5)
133.9 (1.0)
137.0 (1.5)

154.3 (1.6)
151.2 (1.7)
156.6 (0.4)

1.6 (0.22)
1.53 (0.14)
1.07 (0.07)

Schizachyrium

2009
2010
2011

229.3 (1.1)
202.3 (1.1)
--

236.0 (1.1)
219.8 (1.2)
220.1 (1.1)

1.42 (0.16)
1.58 (0.10)
1.67 (0.10)

Solidago*

2010
2011

204.8 (1.9)
--

229.4 (1.3)
232.1 (1.2)

2.82 (0.30)
2.73 (0.11)

* Species not included in statistical analysis
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Conclusion
Global climate is changing and how these changes affect plants and the
ecosystems where they are found is an active ecological question. The overall goal of
this dissertation was to evaluate the consequences of elevated temperature on prairie
plants, focusing on legumes and their traits related to nitrogen (N) cycling. Legumes can
have significant impacts in N-limited prairie systems as they increase N availability by
adding newly fixed N and stimulating net N mineralization. Thus, understanding how
elevated temperature affects these legumes and their traits will be important to understand
potential changes to the N-cycle in these systems.
I used both a growth chamber experiment and a manipulative field warming
experiment to investigate the effects of elevated temperature on the growth, N nutrition,
and phenology of multiple life history stages for four legume species that are common to
Minnesota grasslands. In general, these legumes responded to elevated temperature for
many of the variables that were measured, but the responses were often species-specific
and depended on the trait. In the growth chamber experiment, seedlings of Lespedeza
exhibited beneficial effects of elevated temperature, with higher biomass and shoot N
content at 28°C than 25°C. Lupinus seedlings, however, showed detrimental effects of
elevated temperature, with decreased nodulation and lower shoot [N] at the higher
temperature. In the field warming study, Dalea and Lupinus displayed higher biomass
under warming, and all species exhibited lower shoot N concentrations under warming.
Experimental warming did not affect mineralization or N2-fixation in the field.
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Differences in responses between the growth chamber and field experiments may
indicate different responses between seedlings and adult plants. Differences between the
two studies could also be due to the indirect effects and species interactions that occur in
the field but not the growth chamber. Results from both studies suggest that legumemediated effects of warming on the N-cycle are likely to be caused more by changes to
legume abundance and tissue N chemistry than by changes to N2-fixation. Additionally,
warming accelerated the flowering of several species, including Amorpha and Dalea, in
the field. Thus, prairie legumes have the ability to acclimate and adjust to increases in
temperature, but their responses may alter their traits and these changes are likely to
feedback to affect carbon and N cycling, plant community structure, and trophic
interactions.
Last, another key finding was the large interannual variation in many of the
responses to warming in the field. Measurements of soil moisture, net N mineralization,
legume biomass, shoot [N], reliance on fixation, and timing of flowering all exhibited
significant differences among years indicating that these variables are responsive to
changes in climate. The responses of soil moisture, biomass, shoot [N], and reproductive
phenology to warming also showed significant interannual variation. This highlights the
need for multi-year climate change experiments, especially since significant effects of
elevated temperature will arise over time as responses accumulate and interact.
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