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Preface

Chapter 2 has been through the peer review process for the journal Plant, Cell and
Environment once and was received well but needed revisions before publication.
Andrew Burton is co-author on this paper and has assisted with data interpretation and
manuscript editing. Mickey Jarvi designed the experiment, collected data, prepared
samples, analyzed data, conducted statistical analysis, wrote, and edited for both chapters.
The final manuscript with revisions will be submitted to Plant, Cell and Environment
shortly after the acceptance of this dissertation. Andrew Burton will be the other author.

Chapters 3 & 4 have not been submitted to a peer reviewed journal as of this time,
but will be prepared for publication shortly after the acceptance of this dissertation.
These chapters have been written solely by Mickey Jarvi; however, Andrew Burton will
edit the manuscript throughout before publication and be included as a co-author on both
articles. Mickey Jarvi designed the experiment, collected data, prepared samples,
analyzed data, conducted statistical analysis, wrote, and edited for both chapters. Andy
Burton assisted in data interpretation and editing for both chapters.

An embargo will be in place on this dissertation for one year (365 days) starting
August 10" 2015 and ending August 10™ 2016 to allow publication of Chapters 2, 3, and
4 before publication of this PhD dissertation is available.
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Abstract

The severity of future climate change resulting from anthropogenic alteration of
the global C cycle will depend in part on feedbacks between atmospheric greenhouse
gases and forest ecosystem carbon balance, but how these two systems will interact is not
entirely understood. Forests are both major sinks and sources for atmospheric CO>
through the processes of photosynthesis and ecosystem respiration. The balance
between these two processes could be altered if autotrophic respiration were to increase
exponentially with temperature as climate warms. Root respiration, and especially fine-
root respiration (<1 mm diameter), is a major contributor to total ecosystem C exchange.
A study to assess long-term responses of root respiration to warmer soil conditions was
conducted at the SMART (sugar maple altered rainfall and temperature) experiment
located in Alberta, MI at the Michigan Technological University’s Ford Center and
Forest. It was found that acclimation of fine-root respiration in this system was not due
to an insufficient supply of carbohydrates from photosynthesis (substrate limitation), but
was the result of adenylate control. As a result, fine root respiration was constrained to
levels needed to perform work required of the fine roots (e.g. nutrient acquisition).
Acclimation also occurred for roots 1-2 mm in diameter at the 0-10 cm soil depth, but not
in any roots larger than 2 mm or in roots of any size at deeper soil depths. As a result, at
the ecosystem level, total root system respiration was 60% greater in warmed soil than in
unwarmed soil. The studies in experimentally warmed sugar maple forests were
complemented by an examination of fine-root respiration and root biomass at sixteen
sugar maple forests located across a latitudinal gradient across sugar maple’s native
range, spanning approximately 10 °C of mean annual temperature. Sugar maple in the
southern, warmer sites had lower root N, lower specific fine-root respiration at a given
temperature, and less fine-root biomass than that from the northern cooler regions. Fine
root respiration at ambient soil temperature actually decreased from north to south,
despite a nearly 10 °C increase in soil temperature. However, within sites respiration
measured across three sample dates did increase with temperature. The next big question
is whether these adjustments that exist across sugar maple’s range are plastic responses to
1 local climate or result from genotypic differences among populations in different
locations. If the former is true, all sugar maple would be capable of acclimation,
reduction in root biomass, and/or reduction in root N as mechanisms for dealing with
climatic warming, and sugar maple would have a large capacity to adjust to future
climate change. The latter would suggest that predicted rates of climatic warming could
have negative impacts on this important species across its entire current range. The lack
of changes in fine root biomass and root N concentration at the SMART study location
after four plus years of soil warming support the possibility that differences along the
latitudinal transect are largely the result of inherent genetic differences among
population.



Chapter 1: Introduction

This dissertation was designed to investigate how sugar maple (Acer saccharum
Marsh.) forests can adapt to rising temperatures associated with global climate change.
Particularly, these chapters primarily investigated how sugar maple root respiration might
adjust to climate change. Currently, the Intergovernmental Panel on Climate Change
(IPCC) predicts that the global temperature will rise by 4.5-7.2 °C by the year 2100 with
sometimes drastic changes in precipitation patterns (IPCC 2013, Karl et al. 2009).
Forested ecosystems contain a vast proportion of the world’s carbon (Goodale et al.
2002), and help regulate temperature and weather patterns across the globe through
evapotranspiration and C exchange with the atmosphere. In fact, respiration from
forested ecosystems returns more C to the atmosphere than the combustion of fossil fuels
by an order of magnitude (60 Gt C yr'! versus 6 Gt C yr'!, IPCC 2013, Piao et al. 2010).
However, fossil fuel C has been sequestered for millions of years, while autotrophic
respiration is “younger” carbon and has been fixed from the atmosphere recently. It is
this slow and steady increase in fossil fuel based C that has been the leading cause of
climate change since the industrial revolution of the 1800s (IPCC 2013). All carbon
fixed through photosynthesis is gross primary productivity (GPP). Autotrophic
respiration (respiration of organisms that obtain their organic C through photosynthesis or
chemosynthesis) is often exponentially sensitive to temperature, and a byproduct of this
respiration is CO2. Gross primary productivity minus autotrophic respiration is defined
as net primary productivity (NPP) and can be a good measure of the strength of the

carbon sink, or source, that forests comprise. Increases in global temperatures may cause
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autotrophic respiration to increase and thus may potentially affect NPP in addition to
returning more C to the atmosphere, which may induce a positive feedback loop with
more greenhouse gases causing more global climate change (Woodwall and Mackenzie
1995). Trees may be capable of adjustments and may be able to acclimate to increases in
temperature or changes in soil moisture. It is important to investigate different
mechanisms by which tree systems might adjust to changes in climate at a single location
to remove as many spatial biases as possible, and to also investigate mechanisms that tree
species have used to adapt to differences in climate across their entire native ranges. This
latter effort would allow for inferences regarding how well a species may be adapted to

future climate change. This dissertation investigated both of these scenarios.

Chapter 2 describes a study conducted from 2011-2013 to investigate the
physiological mechanisms associated with previously documented acclimation of fine-
root respiration in sugar maple to experimental increases in soil temperature (Jarvi and
Burton 2013). This study occurred at the SMART experiment (sugar maple altered
rainfall and temperature) in Alberta Michigan at the Michigan Technological University’s
Ford Center and Forest. This study was located in a natural sugar maple forest and
utilized a fully factorial soil warming and supplemental precipitation design, with three
replicates per treatment, initiated in 2010. The soil warming was applied through the use
of sixteen infrared heating lamps situated 1.5 m above soil surface for each 10 m by 10 m
research plot. Substrate limitation (carbohydrate supply) and adenylate control (a cellular
level control on respiration as a measure of capacity) were tested as two potential

constraints on surface soil (0-10 cm depth) fine-root (<1 mm) respiration. These fine



roots are at the depth where the majority of nutrient acquisition takes places and therefore

where the highest levels of root respiration occur.

The research described in Chapter 3 was conducted at the SMART experiment in
late summer of 2013. This study determined if the partial thermal acclimation observed
for respiration of fine roots (<1 mm) in the surface soil was also occurring for multiple
root diameters (<1, 1-2, and 2-10 mm) and at different soil depths (0-10, 10-20, and 30-
50 cm). Understanding what is occurring at the root level for these different depths and
root classes allowed for an estimate of changes in overall ecosystem root respiration
(umol CO, m? season™) to assess if sugar maple is ultimately adjusting its C usage
effectively to remain competitive and active in the experimentally warmed environment,

and thus if it has the potential to do so in response to future warmer climatic conditions.

Finally, Chapter 4 describes a study conducted across a latitudinal gradient
encompassing sugar maple’s native range. This study spanned 10 degrees of latitude and
a ~10 °C difference in mean annual temperature (MAT) across sixteen study locations.
The sites all had similar basal area dominance by sugar maple. This study was conducted
during June, July, and September 2014 and fine-root (<1 mm) respiration and root
biomass at 0-10 and 10-20 cm were examined for the purposes of comparing the sites in
terms of metabolic capacity, fine root N, specific fine-root respiration rates, and root
biomass. This study was particularly novel in trying to determine mechanisms by which
sugar maple root systems adjusted to temperature across its range and if simple modeling
techniques could be applied to predicting responses of respiration rates to rising
temperatures associated with future climate change.

9
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Chapter 2: Adenylate control contributes to thermal acclimation of
sugar maple fine root respiration in experimentally warmed soil*

Abstract

We investigated the occurrence of and mechanisms responsible for acclimation of fine-
root respiration of mature sugar maple (Acer saccharum Marsh.) after 3+ years of
experimental soil warming. Experimental treatments included soil warming (+4-5 °C) in
a factorial combination with soil moisture addition. Fine-root respiration was measured
every two to four weeks during the growing season. Assessments of potential
mechanisms for thermal acclimation included changes in enzyme capacity as indicated by
root N; substrate limitation assessed by examining non-structural carbohydrates and
effects of exogenous sugars; and responses to a respiratory decoupling agent (CCCP) to
test for adenylate control. Partial acclimation of fine-root respiration occurred in
response to soil warming throughout the study, causing specific root respiration to
increase to a much lesser degree (14 to 27%) than would be expected for a 4 to 5 °C
temperature increase. We found no evidence that enzyme or substrate limitation caused
acclimation, but did find evidence supporting adenylate control. The uncoupling agent
caused a 1.4 x greater stimulation of respiration in roots from warmed soil. Sugar maple
fine-root respiration in warmed soil was at least partially constrained by adenylate use,
likely limiting respiration to that needed to support work being performed by the root
system.

'The material contained in this chapter was submitted to Plant, Cell and Environment and
was returned for revisions. Mickey Jarvi designed the experiment, collected data,
analyzed data, wrote manuscript, and edited manuscript. Andrew Burton is listed as a
second author and assisted Mickey Jarvi with data analysis and interpretation and
manuscript edits.
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Introduction

Plant respiration returns 50-60 Gt C annually to the atmosphere (Gifford 2003).
This process equals approximately 30-80% the daily photosynthetic C gain (Loveys et al.
2002, Amthor 2000). Conversely, fossil fuel emissions are about 8.7 Gt C yr'! (Boden et
al. 2012). For forests, it has been suggested that ecosystem respiration, not
photosynthesis, is the main component of net ecosystem C exchange (Valentini et al.
2000). Therefore, the degree to which respiration rates change as temperatures warm
may determine the C sink strength of terrestrial ecosystems (Smith and Dukes 2013,
Grace and Rayment 2000). If plant respiration does not adjust to climatic warming, the
potential respiratory increases with temperature could catalyze a positive feedback loop
that accelerates rates of atmospheric CO; increase and resultant climatic warming
(Woodwell and Mackenzie 1995). A greater return of assimilated C to the atmosphere
through plant tissue respiration also could potentially decrease C available for biomass

production, if annual assimilation does not increase sufficiently to compensate.

Acclimation can be defined as: “A physiological, structural, or biochemical
adjustment by an individual plant in response to an experimentally induced
environmental stimulus that is manifested as alterations in the short-term response
function of a physiological process” (Smith & Dukes 2013); however, this phenomenon
is not necessarily restricted to experiments and can be found naturally (Atkin et al. 2000b,
Niinemets and Valladares 2004, Wagner et al. 1996, Larigauderie and Korner 1995). If
plant tissues thermally acclimate to warmer temperatures, the potential negative impacts

of warmer temperatures on plant and ecosystem net C gain would be greatly reduced, but
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the degree to which respiration of different tissues will acclimate to long-term increases
in temperature is not fully understood. Acclimation has been found to occur in both
leaves (Slot and Kitajima 2015, Gunderson et al. 2010, Kositsup et al. 2009, Medlyn et
al. 2002, Atkin et al. 2000b, Larigauderie & Korner 1995) and root of trees (Jarvi &
Burton 2013, Bryla et al. 1997). However, the relative amount of data on acclimation for
root systems is rather limited when compared that for leaves (Vogel et al. 2014, Hopkins
et al. 2013, Jarvi and Burton 2013), and very little of the available data for temperature

acclimation of fine-roots to in Situ soil warming field experiments.

How root systems respond to changes in climate at the ecosystem level can be
important as roots can contribute to 50-60% of total soil respiration in forested
ecosystems (Hanson et al. 2000). Currently, responses primarily from small-scale and
short-term experimental alterations of environmental conditions are used to drive Earth
system models, such as those used by the Intergovernmental Panel on Climate Change to
predict responses to future climatic conditions (Collins et al. 2011). However, larger
scale and longer-term changes, including acclimation, biochemical feedbacks, and
adaptation are rarely represented in these models (Smith & Dukes 2013). This is
especially important for root system respiration, which is often modeled using simple
relationships such as exponential increases with temperature, using tissue N or root
diameter as an indicator of root activity, or allocating a fixed proportion of assimilated C

for belowground use (Himmelbauer et al. 2004, Hogberg et al. 2002, Zogg et al. 1996).

The objective of this study was to assess the presence of and possible mechanisms

for thermal acclimation of fine-root respiration in a mature sugar maple forest subjected

13



to long-term soil warming. We have previously shown partial acclimation of sugar maple
fine-root (<1 mm diameter) respiration during the first year of experimental soil warming
(Jarvi & Burton 2013). Here we report longer-term (3-yr) responses of root respiration to
experimentally warmed (+ 4 to 5 °C) soil and examine three potential mechanisms for
this acclimation: altered enzymatic capacity, substrate limitation and adenylate control. It
is after this 3-yr time period that we assume that all the fine-roots grown in the treatment
areas have turned over and have grown entirely subjected to the individual treatments
based on previous work with sugar maple fine roots having a turnover rate at 2-3 years
(Fahey et al. 2012, Burton et al. 2000). Altered enzymatic capacity could occur over time
if new roots were constructed with lower levels of enzymes responsible for catalyzing the
reactions responsible for root respiration (Atkin & Tjoelker 2003). Substrate limitation
would indicate acclimation occurred because the supply of carbohydrates to the roots was
insufficient to support the sustained large increases in metabolic activity that potentially
could occur in warmer soil (Covey-Crump et al. 2002). Adenylate control would indicate
that the respiratory capacity at warmer temperatures exceeded that needed to support
work being performed by roots for processes such as nutrient uptake and transport (Atkin
and Tjoelker 2003). If this occurred, more adenosine triphosphate (ATP) would be
produced than was required for cell processes, leading to elevated ATP:ADP ratios or
low adenosine diphosphate (ADP) concentration causing down regulation of respiration

(Douse and Neuburger 1989).

Possible changes in enzymatic capacity were assessed by analyzing fine-root

tissue N concentration across time for warmed and unwarmed soil. It is fundamental that
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fine-root respiration may be correlated positively to tissue N because of the role of
proteins containing N play in photosynthesis and respiration. Previous work has found
that both angiosperms and gymnosperms exhibit a positive relationship between root
respiration and root nitrogen (Reich et al. 1998). Additionally, the review conducted by
Cotrufu et al. (1998) explains that plant tissue N is a fundamental factor controlling
substrate use and growth rate. Substrate limitation was tested using two methods: 1)
analyzing fine-root non-structural carbohydrate concentrations; and 2) examining the
response of fine-root respiration to exogenous sugar additions. Adenylate control was
tested using an uncoupling agent: carbonyl cyanide m-chlorophenylhydrazone (CCCP)
(Drake et al. 2008, Covey-Crump et al. 2002). CCCP dissipates the H" gradient of the
mitochondria and allows respiration to proceed without production of ATP, eliminating
reductions in respiration associated with elevated ATP:ADP ratios or low ADP
concentration (Atkin & Tjoelker 2003) that could occur when ATP production exceeds

cell metabolic requirements.

Materials and methods

Study Site

The study was conducted at Michigan Technological University’s Ford Center
and Forest in Baraga County, Michigan (46° 38’ 26.17” N 88° 29’ 00.94” W, 400 m
elevation). The sugar maple altered rainfall and temperature (SMART) experiment was
located in a mature northern hardwood forest with sugar maple comprising 89.3% (21.7

m? ha™!) of the overstory basal area (Jarvi & Burton 2013) and 75.4% of overstory density

15



(725.9 trees ha™!). Minor species present included: American elm (Ulmus americana L.,
eastern hemlock (Tsuga canadensis (L.) Carr.), ironwood (Ostrya virginiana (Mill.) K.
Koch), and yellow birch (Betula alleghaniensis Britton). The total basal area at the site is
24.3 m? ha'!, with 962.0 trees ha!. The dominant trees at this location are 100 years or
more in age. The soil is classified as a Kallio cobbly silt loam (coarse-loamy, mixed,
supaeractive, frigid Oxyaquic Fragiorthods). This soil consists of a cobbly silt loam and
silt loam to a depth of 40 cm, with a fragipan occurring at ~ 40 cm. Soil textures below

the fragipan include sandy loams and gravelly loams to a depth of 150 cm.

Experimental Treatments

The SMART experiment utilized a fully factorial study design consisting of
twelve — 10 m x 10 m plots with each of four treatments replicated three times. The
treatments included a control, heat (soil warming to 4 to 5 °C above ambient), water
(addition of 30% of average growing season ambient rainfall), and the combination of
heat + water. The rate of water addition was intended to offset enhanced evaporative
moisture loss due to soil warming, resulting in soil moisture similar to that for the control
treatment. The heated plots each had sixteen infrared heating lamps (model MRM 1215
heaters, Kalglo Electronic Co., Bethlehem, PA, USA) situated 1.5 m above soil surface,
with four rows of four lamps spaced 2.5 m apart. The lamp’s heat output was adjusted
manually as needed to achieve the desired increase in soil temperature. Treatments were
initiated in September 2010 and continued during 2011, 2012, and 2013. The lamps were
kept on 24 hours per day from 17 Sep through 16 Nov in 2010, 22 Apr through 11 Nov in

2011, 25 Mar through 24 Oct in 2012, and 2 May through 24 Sep in 2013. Due to
16



funding constraints, a slightly lower temperature differential (3 to 4 °C) was used in 2013.
In the spring of 2012 and falls of 2011 and 2012, heat was gradually ramped up (or

down) over a period of two to three weeks.

The water additions were applied via sprinkler heads positioned on the four
corners of the 10 m x 10 m plots. Each covered a 90° field of application, with slight
overlap at plot center to ensure even and complete distribution of water throughout the
plot. Precipitation was collected in 1,900 L tanks with the use of a gutter system attached
to nearby Ford Center building (~500 m) and moved to the SMART experimental site
with the use of an all-terrain forklift. Water additions were applied weekly from the tank
via pump and sprinkler, in association with natural rain events when possible, to allow for
natural wetting and drying cycles while maintaining soil moisture in the heat + water
treatment at levels close to those of the control plot. A total of 16 cm of precipitation

equivalent was added annually between mid-May and mid-October.

To monitor treatment effectiveness, temperature probes and soil moisture probes
were placed throughout the experimental plots including: 2, 5, and 10 c¢m soil depths
beneath heater rows, and at 2 and 5 cm depths midway between heater rows (Em50 data
loggers with 5STM temperature/moisture probes, Decagon Devices Inc., Pullman,

Washington, USA).

Fine-root respiration

Fine-root respiration (<1 mm diameter) was measured with open-system infrared
gas analyzers (IRGA, CIRAS-I and II, PP Systems) every two to four weeks during the

17



snow free season. On all sample dates, measurements were made at the ambient soil
temperature for the particular sample date and at a common reference temperature of 18
°C. Comparing respiration rates at a common reference temperature is one way to assess
the existence of acclimation to increased temperature (Atkin et al. 2000b). After
initiation of experimental treatments, measurements of fine-root respiration were made
on five dates from September to November in 2010; six dates from May to September in
2011, eight dates from March to October in 2012, and eight dates from May to September

in 2013.

Excised fine roots were collected using 5 cm wide by 10 cm deep cylindrical soil
cores. Three cores were taken per plot per sample date. These samples were taken from
the inner 5 m x 5 m portion of the experimental plots, to ensure they contained roots from
trees for which a majority of the root system was warmed. The roots were hand-cleansed
of soil, and approximately 2 g fresh weight of woody tree fine roots (<1 mm diameter)
were placed in the IRGA cuvette (Burton et al. 2012, Jarvi and Burton 2013). Woody
tree roots were visually separated from understory herbaceous roots based on
morphological differences. The IRGA root cuvette is solid aluminum 12 cm tall with an
inside chamber volume of 76 cm? (Burton & Pregitzer 2002). The IRGA cuvette had a
foam gasket between cuvette lid and cuvette to ensure no leakage could occur (Burton &
Pregitzer 2002). The IRGA is allowed 30 minutes of warm-up period, and the machine is
zeroed to ensure no leakage before the measurement of samples. Live roots were
distinguished from dead roots by white, tan or brown coloration and a smooth

appearance. Dead roots were brittle, had rough edges and dark brown or black

18



coloration. Visual observations of root morphology during sorting suggested that the
proportion of sample mass comprised of sugar maple roots was similar to the proportion

of sugar maple basal area at the site.

An input CO> of 1000 ul I'' was used for all measurements. This value generally
approximates the concentration of CO> in shallow soil atmosphere of sugar maple forests
in Michigan (Burton et al. 1997). The cuvette bases were placed in water baths to
maintain the respiration samples at the desired temperatures. The samples were allowed
to equilibrate to measurement conditions for 15 minutes prior to recording of respiration
rates. All samples were measured for CO; efflux within 45 minutes after being excised
from the tree system. Measurements based on previous work indicate that fine-root
respiration may decrease by 10% 15 minutes after excision, so therefore, final
measurements were adjusted accordingly. After sample efflux rates (nmol CO> s™') had
been determined, the samples were placed on ice and returned to the lab. Samples in the
lab were then subsequently cleansed with deionized water to remove any adhering soil
that was not removed during the field cleaning and dried in an oven at 65 °C for 48 hours.
After dry weights were obtained, specific fine-root respiration rates (nmol CO> g™! s!)
were determined by dividing the flux rate obtained in the field by sample dry mass.
Samples were subsequently ground to a fine powder (8000M Mixer/Mill, Spex
SamplePrep LLC, Metuchen, NJ) and analyzed for nitrogen (N) concentration with an

elemental analyzer (Carlo Erba NA 1500 NC, CE Elantech, Lakewood, NJ).

Non-structural carbohydrates

19



Sugar and starch concentrations were determined for samples from twelve of the
measurement dates from 2011 and 2012 as one test for possible substrate limitation as a
mechanism for observed partial acclimation. Extraction using hot ethanol and
colorimetric determination of non-structural carbohydrates (NSC) followed Chow &
Landhé&usser (2004). Finely ground root samples were mixed with 4.7 mL of 80%
ethanol at 95°C for 10 minutes. Tests tubes were then centrifuged at 2500 rpm for 3
minutes and the supernatant was decanted. The extraction and decanting process was
repeated two more times and the composite decanted solution was brought to 14 ml total
volume and used for sugar analysis. The remaining residue was frozen for subsequent

starch analysis.

The sugar extract was diluted 1:4 with deionized water, and 0.25 mL of the
diluted sample solution was placed into 15 mL capacity 16 mm x 125 mm glass test tubes
(14-933-1A, Thermo Fisher Scientific Inc.) in duplicate. A 100 pg/mL sample of
glucose-fructose-galactose (GFG) standard solution was analyzed with every 30 root
sample extracts for quality control. Then 0.5 mL of 2% phenol was added and mixed by
vortex, and 1.25 mL (> 95%) H>SO4 was added and mixed by vortex to each tube. Color
was allowed to develop for 10 minutes in the dark initially, and then at room temperature

in a water bath for 30 minutes.

The resulting colored solutions were placed in a 1.5 mL capacity semi-micro
polystyrene cuvette (2692298, Sigma-Aldrich) and absorbance was measured at 490 nm
(Beckman Coulter DU 640 Spectrophotometer). Since concentrated H>SO4 hydrolyzes
interfering substances (chlorophyll, pigments, lipids, phenolics, proteins, etc) and creates
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blue-purple compounds, a parallel sugar assay of similar protocol was used, but instead
of 0.5 mL 2% phenol, 0.5 mL of deionized water was used to enable correction.
Additionally, according to Chow & Landhausser (2004), ethanol can interfere with
absorbance readings at higher concentrations and give a reading that is 13% lower, so

final sugar concentrations were corrected for the extract ethanol interference.

Starch was solubilized from the residue from the sugar extraction with 2.0 mL of
0.1 N NaOH in a 50°C water bath, and then neutralized with 2.5 mL of 0.1N acetic acid
after 30 minutes. An enzyme solution was prepared from a mixture a-amylase (Sigma-
Aldrich, from Bacillus licheniformis) and amyloglucosidase (Sigma-Aldrich, from
Aspergillus niger) to convert the starch to glucose. The enzyme digestion solution was
prepared with 0.05 M NaOAc buffer, pH 5.1, so that the final concentration of activity
units were 2000 U/mL of a-amylase and 10 U/mL of amyloglucosidase. An aliquot of
0.5 mL of the digestive enzyme solution was added to all test tubes. Additionally, a
sample of 0.05 g of potato starch was analyzed with every group of 30 root samples for
quality control. After the addition of the digestive enzyme solution, the test tubes were

incubated in a 50°C water bath for 24 hours.

After the digestion, the tubes were centrifuged at 2500 rpm for 3 minutes and an
aliquot of the supernatant was pipetted to a 1:5 dilution with 0.05 NaOAc for samples.
The potato starch was diluted 1:100, due to higher starch concentration. To each
solution, 2.0 mL of PGO-color reagent solution (Sigma) was added and 0.4 mL of 75%
H>SO4 was rapidly added and mixed by vortex. After color developed in the dark at
room temperature for 45 minutes, absorbance was read at 525 nm. Due to interfering
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substances the 2.0 mL of PGO-color reagent solution was replaced with 2.0 mL of

deionized water and absorbance read at 525 nm and final measurements were corrected.

Application of Exogenous Sugars and the Uncoupling Agent

The use of exogenous sugar (glucose) and an uncoupling agent (CCCP) to test for
substrate limitation and adenylate control were conducted in May, July, and September
2013 using fine-root samples collected from all twelve experimental plots. The analyses
were conducted at both ambient temperature and the reference temperature of 18 °C.

The method was modified from Drake et al. (2008). Fine roots (<1 mm diameter) were
obtained as described previously, with at least 8.0 g fresh weight of fine roots collected
per plot. The sample was divided into four approximately equal subsamples. The
subsamples were submerged in a buffer solution (1 mM CaCl buffered to pH 5.5 with 2-
Morpholinoethanesulfonic acid, MES) for 5 minutes and randomly assigned to and
submerged in one of four treatment solutions: control (buffer solution), glucose (buffer
solution then 50 mM glucose), uncoupler (buffer solution then 15 mM carbonyl cyanide
m-chlorophenylhydrazone, CCCP), and glucose + uncoupler (buffer solution then

glucose + CCCP).

All subsamples remained in their respective solutions for 15 minutes, except the
control that was removed from the buffer and placed in an absorbent tissue for 15
minutes. Excess moisture was then removed from the subsamples with a tissue and
respiration rate was measured in the IRGA at ambient soil or reference temperature as

described previously. All readings were finished within 60 minutes after roots were
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removed from the soil. After samples were removed from the IRGA, they were placed
on ice and subsequently cleaned, dried and weighed in the lab to obtain specific root

respiration rates as previously described.

Soil Nitrogen Mineralization

The availability of N in the soil can affect root-system activity, therefore, net N
mineralization was determined using the buried bag technique (Eno 1960). There were
three incubations per plot every 4-5 weeks from May to October 2011, March to October
in 2012, and May to October in 2013. Three randomly located pairs of 5 cm diameter by
10 cm deep soil cores were collected from each plot. One of the cores was taken back to
the laboratory and a 25 g subsample was subsequently extracted with 50 mL of 2 M KCl
for determination of initial soil extractable NOs™ and NH4" contents. The other core was
placed in situ inside a polyethylene bag, and replaced in the original hole until being
removed at the beginning of the next sample period. A 25 g subsample was then
obtained from these incubated cores and extracted with 50 mL of 2 M KCI to assess final
soil NOs™ and NH4" contents. Net N mineralization was calculated as the difference in

NO;3™-N plus NH4"-N between final and initial cores of a pair.

Statistical Analyses

Two-factor (heat,water) repeated measures analysis of variance (ANOVA) was
used to test for treatment effects on specific fine-root respiration (nmol CO> g™! s!) and
fine root N concentration using data from 2010 through 2013, with respiration for each

sample date as the repeated measure. Two-factor repeated measures ANOVA also was
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used to test differences in treatment effects on fine-root sugar (mg g'!), starch (mg g™),
and NSC (mg g'!) across dates. Data were log-transformed to meet assumptions of
homogeneity of variance for root starch. A four-factor (heat, water, glucose, uncoupler)
repeated measures ANOVA with glucose and uncoupler nested within experimental
treatments plots was used to test differences among treatments in the response of fine-
root respiration to exogenous sugar and CCCP, with repeated dates. Treatment effects on
seasonal net N mineralization were analyzed using a two-factor (heat, water) repeated
measures ANOVA, with seasonal net N mineralization (ug N g soil ) for each year (2011
—2013) as the repeated measure. Data from the portion of each year when treatments

were active was used in this analysis.

Results

The warming treatment successfully increased soil temperatures into the desired
range (4-5 °C) (Table 2.1) during the portion of each year when the full heat treatment
was applied. Soil warming was similar at 2, 5 and 10 cm, as well as directly beneath and
midway between rows of heat lamps. Soil moisture was lowest for the heat treatment and
was generally similar for the heat + water and control treatments (Table 2.1), achieving
the desired experimental conditions. Soil warming also resulted in greater net N
mineralization for treatments with heat, while water addition had no effect (Table 2.1).
The impact of soil warming on net N mineralization declined over time, from a 68%
enhancement in treatments with heat (heat and heat + water) in 2011 to only a 28%

enhancement with soil warming in 2013.
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Acclimation of Fine-root Respiration

From 2010 through 2013 average fine-root respiration measured at the reference
temperature of 18 °C was consistently lower on the heated plots (heat, heat + water) than
the non-heated plots (control, water) (Figure 2.1, Table 2.2). The data presented are
average across all sample dates. At ambient field temperature, average specific-fine root
respiration rates were significantly higher on the heated plots than the non-heated plots
(Figure 2.1, Table 2.2). The effect of soil warming varied among sample dates; during
dry periods there were even occasional dates where respiration rates for the heated plots
at ambient temperature were lower than rates for the control treatment. This effect was a
major contributor to the significant heat x date interaction at ambient temperature and
smaller heat responses observed in 2011 and 2012 than in 2010 and 2013 (Figure 2.1).
There was a slight indication (P = 0.092) that water addition increased fine-root specific
respiration rates at ambient temperature. This effect was much more apparent in years
with prolonged dry periods (2011 and 2012) than in moist years (2010 and 2013), leading
to a significant water by date interaction (Table 2.2). Despite observed effects of
treatments on fine-root respiration, fine-root N concentrations were not altered by the 3+

years of treatments (Table 2.1).

Non-structural Carbohydrates

Fine-root sugar concentrations were not affected by either the heat or water
treatments (Figure 2.2, Table 2.3), but starch concentrations of the fine-roots were

significantly lower for the heated treatments (P = 0.014). Total NSC (sugar + starch) was

25



not affected by the heat or water treatments (Table 2.3). There were very low values of
starch during most of the season with values increasing nearly 3-fold in the fall; May to
August starch values averaged 2.4 mg g, and increased to an average of 9.6 mg g! for

September and October.

Effects of Exogenous Glucose and Respiratory Uncoupler

Glucose addition did not alter fine-root specific respiration rate for any
experimental treatment (Figure 2.3, Table 2.4). The uncoupler (CCCP) increased fine-
root respiration regardless of experimental treatment (Figure 2.3, Table 2.4). There were
no interactions between glucose and CCCP additions. The relative response to CCCP
was 1.4 times greater for heated treatments than for those without soil warming (Figure
2.4, P =0.098 for heat x CCCP interaction in Table 2.4). There were no significant

interactions with sample date for glucose, CCCP, or their interaction (Table 2.4).

Discussion

Reduced fine-root respiration rates at the 18 °C reference temperature (Figure 2.1)
indicate that partial thermal acclimation occurred consistently in sugar maple roots during
the 3+ years of soil warming in the SMART experiment. Partial acclimation is that
which is a reduction in respiration on the heated treatments versus the non-heated
treatments when examined at the reference temperature of 18 °C. This is in relation to
full acclimation or homeostasis at which time there would be no difference in respiration
in the heated treatments versus the non-heated treatments even though there would be a

temperature differential of 4-5 °C between the two treatments. This is not the case yet
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(Figure 2.2, top plate), but there still some degree of partial acclimation occurring (Figure
2.2). We have previously shown that dry soil created by soil warming can contribute to
lower root respiration rates for the heated treatments (Jarvi & Burton 2013), but the
consistently lower specific respiration rates during both wet and dry periods throughout
the experiment indicate that thermal acclimation is occurring for respiration of fine roots

from the heat and heat + water treatments.

Evidence of acclimation of fine-root respiration is also apparent for respiration
measured at ambient field temperature. Fine-root respiration is higher on heated plots
than non-heated plots (Figure 2.1), due to a higher ambient field temperature for the
heated plots: 18.6 °C on average during the full warming periods of the experiment,
versus 14.2 °C for the non-heated plots. However, the degree of respiratory enhancement
was considerably less than would be expected for the average increase of 4.4 °C,
indicating that some amount of down-regulation was occurring. Seasonal observations
on the control plots of the SMART experiment indicate a Q1o of 2.7 for fine root
respiration (Jarvi & Burton 2013). This would result in an expected 55% increase in root
respiration for a temperature increase of 4.4 °C, which is much greater than the observed
increases in root respiration of 14% and 26% for the heat and heat + water plots,

respectively, over the duration of the study.

Several mechanisms could exist to contribute to this apparent thermal acclimation
including altered enzymatic capacity, substrate limitation, and adenylate control. We
found no evidence for enzyme limitation, as fine-root N concentration was not affected
by heat or water treatments over the 3+ years of measurements (Table 2.1). We had
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hypothesized that longer-term responses of fine roots to warmer soil could include the
construction of new fine roots with lower enzyme concentrations, as indicated by lower
tissue N concentration. Greater activity due to warmer temperatures in heated treatments
would counteract the effects of lower enzyme concentrations, enabling sufficient
metabolic activity to still occur under field conditions. Adjustment of tissue N in
response to temperature (Lee et al. 2005, Tjoelker et al. 2008) has been observed for
foliage, and construction of tissues with lower N concentration in warmer environments
has been observed in experimentally warmed seedlings (Tjoelker et al. 1999). However,
we found no evidence of such adjustments in enzymatic capacity occurring for the fine
roots of the mature trees in our experiment, as fine-root N concentrations were not
affected by either the heat or water treatments (Table 2.1). We previously reported this
response through the 2011 growing season, but given the fairly long lifespan of sugar
maple roots in the top portion of the soil (turnover of 0.50 — 0.68 year™') in the Lake
States (Hendrick and Pregitzer 1992, Burton et al. 2000, Fahey et al. 2012), such an
adjustment remained a possibility at that time, as many of the fine roots had presumably
not been yet been replaced through the fall of 2011. Adjustment of tissue N as a means
of temperature acclimation has been postulated to be most likely for new tissue produced
in the altered environment (Loveys et al. 2003). By 2013, it is likely that nearly all of the
surface fine roots had been initiated well after treatments began in 2010, and no change in

N concentration had occurred.

Substrate limitation could occur if carbohydrate supply to the roots was not

sufficient to fully support potential respiration. We found no evidence that substrate
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limitation was occurring for these trees, based on additions of exogenous sugar (Figure
2.3). Covey-Crump et al. (2002) found that exogenous glucose increased fine-root
respiration of hydroponically grown Plantago species, and Drake et al. (2008) found that
exogenous glucose increased root respiration in a loblolly pine (Pinus taeda L.)
plantation. The mature sugar maple trees evidently allocated sufficient photosynthate
belowground to ensure that fine-roots were not limited by substrate in conjunction with

the amount of work that these roots needed to conduct, even in elevated soil temperature.

The NSC analysis also suggest that substrate availability was not limiting
respiration for the fine-roots (<Imm) of sugar maple. Total NSC content in the fine-roots
was dominated by sugar and neither total NSC nor sugar content were affected by the
heat or water treatments. The decrease in starch for the heated plots represented a 15%
decrease on the heat only plots, and a 20% decrease on the heat + water plots, but fine-
roots are not primary storage tissues and starch comprised only ~0.4% of the total dry
weight of fine-roots of sugar maple. It is possible that greater respiration in heated
treatments caused a higher proportion of allocated sugar to be utilized, leaving less

available for conversion to starch for temporary storage.

In contrast to substrate limitation and enzyme capacity, our results do show
support for adenylate control as a mechanism contributing the observed partial thermal
acclimation of fine root respiration. Adenylate control can occur if the ATP produced
during respiration exceeded the ATP needed to support work being conducted by the root
tissue, such as ion uptake, assimilation and transport (Atkin et al. 2000a). When this
occurs, excess ATP is not converted back to ADP. The CCCP allows respiration (O2
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fixation and CO; production) to occur without ATP production. This results in high ADP
concentrations, effectively removing the signal in the electron transport chain that ATP is
not being fully used and ADP concentrations are low, thereby eliminating reductions in
respiration caused by high ATP:ADP ratios or low ADP concentration (Atkin et al.
2009). Treatment of root samples with the CCCP increased respiration for roots from all
treatments (Figure 2.3). This suggests that during the active growing season, root
respiration is always down-regulated to some degree. The roots have the capacity to
produce ATP in excess of that needed to perform work associated with nutrient uptake
and assimilation, growth, and other cell processes. This conceivably could allow fine
roots to respond to pulses in nutrient availability driven by variations in soil moisture and
temperature. As such, it may be a reason that we do not observe evidence of acclimation
under ambient conditions in response to variations in soil temperature throughout the
growing season (Burton & Pregitzer 2003, Jarvi & Burton 2013); as periods of high
temperature and soil moisture would correspond to pulses of nutrient availability and thus

the potential for high rates of fine-root work.

The uncoupler increased respiration more for the heated treatments than for those
without soil warming (1.4 times more, Figure 2.4). This suggests that the fine-root
specific respiration in warmed soil was constrained by adenylate control to a greater
degree than in unheated soil. This could result from either: 1) internal signaling
mechanisms that limit luxury nutrient uptake; or 2) increases in soil nutrient availability
caused by warming being less than the increase in potential root system metabolic

activity. Tree nutrient requirements at the site should not have increased greatly because
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fine-root biomass (Jarvi & Burton 2013), bole growth, canopy leaf area, and litter
production (Jarvi unpublished) have not increased in response to the experimental
treatments. Additionally, nutrient availability (soil N) was not greatly increased in 2013
(Table 2.1), when the uncoupler tests were conducted. For the 2013 growing season, net
N mineralization for the heat and heat + water treatments was 28% greater than that for
the control and water treatments. This suggests that greatly enhanced root metabolic
activity to support N uptake was not possible, and thus is consistent with adenylate

control being responsible for a portion of the acclimation observed.

Covey-Crump et al. (2002) found that the respiratory uncoupler and glucose
additions both increased root respiration for two Plantago species at moderate
temperatures, with adenylates more limiting than substrate supply. Drake et al. (2008)
also found a stimulation of root respiration in response to the addition of CCCP for
mature Pinus teada L. and concluded that instantaneous root respiration is controlled, at
least partially, by ATP utilization in addition to substrate availability. Therefore, these
studies indicate that root respiration rates in these systems are partially constrained by the

amount of work that can be done or is needed to be accomplished.

The potential need for additional fine-root respiration to support greater root
system work in warmer soil can be assessed by examining the components of root
respiration (growth, ion uptake, and maintenance) and considering separately their
potential changes in response to the warming treatments. The proportion of total root
respiration that can be attributed to growth respiration can vary considerably among
species (Poorter et al. 1991). For sugar maple fine roots in mature forests, it has been
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estimated to be 1.1 nmol g!' s™! during the most active period of root growth in early
summer, and less during other portions of the growing season (Burton et al. 1996). This
is a relatively small proportion of total root respiration rates we have found in this study.
Additionally, the surface fine-root biomass did not change in response to experimental
treatments at this location (Jarvi & Burton 2013). Unless fine-root turnover was greatly
altered, it is very unlikely that the demand for ATP to support fine-root growth

respiration was greatly changed by the treatments.

Another mechanism by which the root systems of trees can respond to changes in
their growing environment would be to alter fine-root biomass. Zhou el al. (2011) found
that the trees growing at the Harvard Forest soil warming experiment did not alter fine-
root N, but did decrease fine-root biomass. This allowed ecosystem level fine-root
respiration to decrease overall. This result was found after 7 years of soil warming

(Melillo et al. 2011, Zhou et al. 2011).

Respiration associated with ion uptake can account for a majority of total root
respiration (Poorter et al. 1991). Since fine-root N concentration (Table 2.1) and biomass
and leaf litterfall (Jarvi unpublished) also have not changed, a significantly greater
demand for nutrients to construct these nutrient-rich tissues should not exist. Thus a
large increase in root respiration to support ion uptake also should not exist. However,
soil N mineralization has increased at this location in the heated treatments (Table 2.1) so
ion uptake root respiration could theoretically increase somewhat due to increases in
uptake and storage of N in excess of annual requirements. Maintenance root respiration
can be very small (5-10%) in active root systems (Van Der Werf et al. 1988, Scheuwater
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et al. 1998). Proteins associated with respiration are temperature sensitive (Atkin et al.
2000a) and can account for 60-80% of maintenance respiration (Bouma et al. 1994,
Bouma et al. 1996) which could cause maintenance respiration to increase with
temperature (Amthor 1984, Johnson 1990). Therefore, due to increased soil temperatures
on the heated treatments, there could be an increase in maintenance root respiration in the
experiment. Overall, there does not appear to be a need for large increases in fine-root
respiration in the heated treatments, but potential slight increases in ion uptake and
maintenance root respiration could account for the observed levels of increase in root

respiration on the heated treatments (heat and heat + water).

Conclusion

Overall, our data indicate that fine-root respiration is down-regulated, at least
partially through adenylate control, to match the work required of the root system for
needed processes such as nutrient uptake and assimilation. This has helped the
ecosystem limit C return to the atmosphere, reducing possible autotrophic contributions
to a positive feedback to atmospheric CO; and climatic warming. From a carbon balance
standpoint, such a mechanism will also help maintain the proportion of photosynthate
allocated to production. In a warmer future world, this, in combination with longer
growing season and potentially greater annual C assimilation, could allow trees to utilize
more C for production of leaf area, diameter growth, or defensive compounds (Kerhoulas
& Kane 2012, Lacointe 2000). Although the mechanism may be different, it appears root
system activity in forests subjected to experimental soil warming remains aligned with

the work that must be completed to support uptake of water and nutrients.
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Our data suggests that models used to predict the impacts of climate change
should not allow tissue respiration to increase exponentially with temperature (Smith &
Dukes 2013). Instead it appears C allocation to root system activity should be related to
the work being performed by roots, which is not necessarily expected to increase greatly

in a warmer world.
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Tables & Figures

Table 2.1. Average soil temperature, soil moisture, fine-root N concentration, and
surface soil (0-10 cm) net N mineralization for the four experimental treatments.
Standard error of the annual mean for the three plots per treatment is presented in
parentheses. Net N mineralization was significantly greater for heated treatments across
years (P =0.037). The effects of water addition and the heat x water interaction on N
mineralization were not significant. Fine root N was not altered by the treatments.

Year Control Heat Water Heat + water
Soil temperature! 2010 8.3(0.1) 12.5(0.1) 8.4(0.1) 12.8 (0.3)
2011 14.9 (0.3) 20.2(0.2) 15.0 (0.4) 19.6 (0.4)
2012 15.0(0.2) 19.6 (0.2) 15.2(0.4) 19.8 (0.4)
2013 14.9 (0.1) 18.1(0.2) 15.0(0.3) 18.6 (0.2)
Soil moisture! 2010 0.296 (0.016) 0.278 (0.015) 0.321 (0.029) 0.328 (0.032)

2011

2012

2013

0.212 (0.005)
0.245 (0.010)

0.260 (0.028)

0.173 (0.007)
0.209 (0.015)

0.229 (0.015)

0.250 (0.023)
0.271 (0.017)

0.292 (0.027)

0.223 (0.015)
0.237 (0.013)

0.267 (0.17)

Fine-root N 2010 11.2(0.4) 10.7 (0.6) 10.9 (0.7) 10.7 (0.3)

2011 11.9(0.5) 11.9 (0.6) 11.7 (0.7) 11.8 (0.6)

2012 10.8(0.5) 10.4 (0.4) 11.1(0.7) 10.4 (0.9)

2013 10.7(0.3) 10.4 (0.5) 10.3 (0.4) 9.9 (0.7)

N mineralization 2011  0.409 (0.026) 0.713 (0.214)  0.373 (0.084)  0.598 (0.088)

2012 0.482(0.063) 0.795(0.102) 0.559 (0.033)  0.633 (0.072)

2013 0.334(0.031) 0.533(0.062) 0.426(0.041)  0.438 (0.084)

'Values are the mean of all sensors for a given treatment during the period of full warming (18 Sep to 16
Nov in 2010; 3 May to 15 Oct in 2011; 17 Apr to 24 Sep in 2012; and 13 May to 24 Sep in 2013).
Temperature differentials were 1 to 2 °C less during ramp up and ramp down periods before and after these
dates. Temperature and moisture sensors were located at depths of 2, 5 and 10 cm and locations beneath
and between heater lines.
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Table 2.2. Repeated measures ANOVA table for fine-root respiration (< 1 mm diameter)
for 27 dates from the 2010 through 2013 growing seasons at ambient soil temperature for
the sample date and a common reference temperature of 18 °C.

Source df Ambient Reference

Mean F Mean F

Square ratio P Square ratio P
Between
subjects
Heat 1 17.57 12.90 0.007 72.54 40.36 <0.001
Water 1 5.01 3.68 0.092 0.82 0.46 0.519
Heat x
water 1 0.32 0.24 0.640 0.97 0.54 0.484
Error 8 1.36 1.80
Within
subjects
Sample
date 26 14.00 16.58 <0.001 14.94 9.64 <0.001
Heat x
date 26 1.83 2.16 0.002 1.18 0.76 0.794
Water x
date 26 1.40 1.65 0.029 1.84 1.19 0.249
Heat x
water X
date 26 0.38 0.45 0.991 1.30 0.84 0.697
Error 208 0.84 1.55
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Table 2.3. Repeated measures ANOVA table for sugar (mg g!), starch (mg g!), and total
non-structural carbohydrates (NSC, mg g!). Starch values were measured as glucose
equivalents. Starch values were multiplied by 10 and log transformed prior to analysis to
satisfy assumptions of homogeneity of variance.

Source  df  Sugar (mgg™) Starch (log (mg g! * 10)) TNC (mg g!)

Mean F- Mean F- Mean F-

square  ratio P square ratio P square  ratio P
Betwee
n
subjects
Heat 1 1.91 0.02 0.893 1.31 9.72 0.014 20.56 0.27 0.615
Water 1 7.80  0.08 0.786 0.02  0.17 0.689 636 0.08 0.779
Heat x
water 1 47.54 048 0.509 0.06 042 0.537 7434 0.99 0.349
Error 8 99.26 0.13 75.23
Within
subjects
Sample
date 11 24543 483  <0.001 1.98 32.57 <0.001 569.20  8.33  <0.001
Heat x
date 11 2442 048 0911 0.09 1.45 0.167 5690  0.83 0.608
Water x
date 11 3826  0.75 0.685 0.05  0.76 0.677 36.50  0.53 0.875
Heat x
water X
date 11 65.48 1.29 0.244 0.05 0.90 0.543 61.90 0.91 0.538
Error 88 50.81 0.06 68.30
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Table 2.4. Repeated measures ANOVA table for fine-root respiration with the effects of
exogenous sugar (glucose) and/or the respiratory uncoupling agent (CCCP) at both
ambient soil temperature and common reference temperature of 18 °C.

Source d.f.  Ambient Reference

Mean Square  F ratio P Mean Square  F ratio P
Between subjects
Heat 1 50.07 35.99 <0.001 948 2.63 0.143
Water 1 0.01 0.01 0.942 4.48 1.24 0.297
Heat x water 1 0.29 0.21 0.659 0.03 0.01 0.928
Error 8 1.39 3.60
Within subjects
Glucose 1 0.004 0.01 0.938 2.64 1.39 0.241
Uncoupler 1 14.595 22.04 <0.001 15.69 8.26 0.005
Date 2 12.518 18.91 <0.001 0.83 0.44 0.646
Heat x glucose 1 0.214 0.32 0.571 4.84 2.55 0.114
Water x glucose 1 0.096 0.146 0.704 0.28 0.15 0.703
Heat x uncoupler 1 1.847 2.79 0.0984*  0.55 0.29 0.591
Water x uncoupler 1 1.356 2.05 0.156 1.25 0.66 0.420
Glucose x uncoupler 1 1.256 1.90 0.172 0.41 0.21 0.644
Heat x date 2 2.990 4.52 0.014 0.83 0.44 0.649
Water x date 2 1.430 2.16 0.121 4.22 2.22 0.114
Glucose x date 2 1.101 1.66 0.196 2.96 1.56 0.217
Uncoupler x date 2 0.093 0.14 0.870 2.69 1.42 0.248
Heat x water x glucose 1 0.074 0.11 0.739 0.59 0.31 0.578
Heat x water x uncoupler 1 2.329 3.52 0.0641*  0.28 0.15 0.704
Heat x glucose x uncoupler 1 0.075 0.11 0.737 1.06 0.56 0.456
Water x glucose x uncoupler 1 0.004 0.01 0.940 0.27 0.14 0.710
Heat x water x date 2 0.212 0.32 0.727 3.73 1.96 0.146
Heat x glucose x date 2 0.608 0.92 0.403 431 2.27 0.110
Water x glucose x date 2 0.743 1.12 0.330 0.41 0.21 0.808
Heat x uncoupler x date 2 0.109 0.16 0.849 0.48 0.25 0.777
Water x uncoupler x date 2 0.500 0.75 0.473 2.10 1.11 0.335
Glucose x uncoupler x date 2 0.083 0.13 0.883 0.51 0.27 0.765
Heat x water x glucose X uncoupler 1 0.015 0.02 0.879 2.59 1.36 0.246
Heat x water x glucose x date 2 0.421 0.64 0.532 0.13 0.66 0.519
Heat x water x uncoupler x date 2 0.124 0.19 0.829 0.75 0.39 0.676
Heat x glucose x uncoupler x date 2 0.135 0.20 0.816 2.04 0.11 0.346
Water x glucose x uncoupler x date 2 0.604 0.91 0.406 0.02 0.01 0.991
Heat x water x glucose x uncoupler x date 2 0.098 0.15 0.863 1.77 0.93 0.397
Error 88  0.662 1.90
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Figure 2.1. Fine-root respiration (< 1 mm diameter) (nmol CO g™ s™!) at ambient (top
plate) and 18 °C reference soil temperature (bottom plate) across four soil treatments and
27 samples dates from 2010-2013 including: 20 September 2010, 27 September 2010, 13
October 2010, 29 October 2010, 12 November 2010, 13 May 2011, 31 May 2011, 24
June 2011, 15 July 2011, 1 August 2011, 23 August 2011, 12 September 2011, 25 March
2012, 26 April 2012, 16 May 2012, 27 June 2012, 18 July 2012, 31 August 2012, 29
September 2012, 24 October 2012, 14 May 2013, 29 May 2013, 11 June 2013, 2 July
2013, 30 July 2013, 26 August 2013, and 21 September 2013. Error bars represent
standard error of the mean.
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Figure 2.2. Average fine-root non-structural sugar (black bars, glucose, fructose,
galactose, mg g'!) starch measured as glucose equivalents (gray bars, mg g'!)
concentrations across all dates. Error bars represent standard error of the mean.
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Figure 2.3. Average fine-root respiration (nmol CO g! s™!) with (gray bars) and without
(black bars) the addition of exogenous sugar (a., glucose) and respiratory uncoupler (b.,
CCCP) across all dates at ambient temperature. Average temperatures with standard
error in parentheses for each sample date were: 11.4 °C (0.09) and 14.9 °C (0.10), 13.3 °C
(0.08) and 16.8 °C (0.09), and 10.2 °C (0.09) and 14.0 °C (0.09) for the non-heated and
heated plots for May, July, and September respectively. Error bars are stand error of the
mean and significance was set at a = 0.05.
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Figure 2.4. Comparison of effects on average fine-root respiration (nmol CO> g'! s™!) of
the respiratory uncoupler (CCCP) for treatments receiving no heat (control, water) or heat
(heat, heat + water) across all dates at ambient temperature. Average temperatures with
standard error in parentheses for each sample date were: 11.4 °C (0.09) and 14.9 °C
(0.10), 13.3 °C (0.08) and 16.8 °C (0.09), and 10.2 °C (0.09) and 14.0 °C (0.09) for the
non-heated and heated plots for May, July, and September respectively. Black bars
represent basal respiration rate, and gray bars represent respiratory stimulation after the
addition of CCCP. Error bars represent standard error of the mean.
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Chapter 3: Root respiration and biomass responses to experimental soil
warming vary with root diameter and soil depth?

Abstract

Approximately half of plant gross primary productivity is returned to the atmosphere
through autotrophic respiration. Future climatic warming may impact this C flux and
possibly create a feedback with atmospheric CO; concentration and ultimately climate
change. It has been found that plant tissue respiration often can acclimate to increased
temperatures. Respiration of sugar maple (Acer saccharum Marsh.) surface fine roots
(<1 mm) has been found to partially acclimate to experimental increases in soil
temperature, but it is unknown how different sized roots and roots at deeper depths
respond to sustained increases in soil temperature regime. This study was conducted in
August 2013 at the SMART (sugar maple altered rainfall and temperature) experiment in
a natural sugar maple forest that has received a fully factorial combination of increased
soil temperature (+ 4 to 5 °C) and supplemental precipitation since 2010. The purpose of
this study was to determine if acclimation occurs for various root diameters (<1, 1-2, and
2-10 mm) at three soil depths (0-10, 10-30, and 30-50 cm). Additionally, this study
determined if root biomass had changed as a result of these experimental treatments for
the same root diameters and soil depths. There was partial acclimation of the fine-roots
(<1 mm) at 0-10 cm with 32% more respiration in the heated treatments versus the non-
heated treatments, which was far less than the expected increase in respiration for +5 °C
in soil temperature and a Q10 of 2-3. However, there was no evidence for acclimation of
deeper fine roots at the 10-30 and 30-50 cm depths, for which soil warming caused
respiration to more than double. There was evidence of acclimation of roots 1-2 mm in
diameter at the 0-10 cm depth but not for the larger diameter roots at any of the three soil
depths. Root biomass was not altered by the soil warming and moisture addition
treatments. Ultimately, ecosystem level root respiration (umol CO, m™ s') was 61%
greater for heated treatments than non-heated treatments. Although there has been some
down-regulation of respiration in roots from experimentally warmed soil, there is still an
increased loss of C returning to the atmosphere, potentially reducing that available for
respiration and biomass production in other portions of the tree system.

The material contained in this chapter has not been submitted to any journal yet. Mickey
Jarvi is the sole contributor in designing the experiment, collecting data, analyzing and
interpreting data, and writing the manuscript. Andrew Burton will be listed as a co-
author when the manuscript is submitted to a future journal.
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Introduction

Forests around the globe contain more than 50% of total terrestrial organic carbon
(C) (Goodale et al. 2002) and about 40% of all below-ground terrestrial C (Dixon et al.
1994). Currently C fluxes from forest soils of 60 Gt C year ! exceed those emitted
through the combustion of fossil fuels by an order of magnitude, or about 6 Gt C year ™!
(Giardina et al. 2005). However, this large C flux is one of the least understood among
all terrestrial ecosystem C fluxes (Litton and Giardina 2008, Litton et al. 2007). Yearly,
total canopy photosynthesis (gross primary productivity, GPP) is allocated between
above- and below-ground production and respiration. Litton and Giardina (2008)
propose that two critical questions are still present in understanding belowground
terrestrial C fluxes: “how much of GPP do forests partition below-ground and what is the
ultimate fate of this carbon?”” and “how will climate change impact both the overall
partitioning of GPP to below-ground C flux, and the partitioning of below-ground C flux
to production vs. respiration?”. Root production can utilize much of net primary
productivity (NPP) in forests (Hendrick and Pregitzer 1993, Schimel et al. 1994), the
rhizosphere can return as much as 52% of GPP back to the atmosphere (Lambers et al.
2008), and root respiration can account for as much as 60% of total soil respiration in
sugar maple (Acer saccharum Marsh.) forests (Pregitzer et al. 1998). What is unknown is
how these processes will be affected by global climate change. Currently the worldwide
projected warming has been estimated to be between +1.1 and 6.4 °C by the year 2100

(Alley et al. 2007) and this projected warming could have consequences on C balance

above- and below-ground by altering processes such as photosynthesis and respiration
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(Canadell et al. 2007, Melillo et al. 1990, 1995, Shaver et al. 2000). Additionally, current
models for the United States predict that under low emission scenarios annual average
temperatures will rise by 4.5 °C and under high emission scenarios by up to 7.2 °C by

2090 (Karl et al. 2009).

Root functions differ with changes in root diameter or order and with rooting
depth (Pregitzer et al. 1998) with finer, low order roots, especially those at shallower
depth, performing the majority of root respiration and nutrient and water uptake while
deeper and coarser roots perform functions such as transport, support and carbohydrate
storage (Xia et al. 2010, McCormack et al. 2015). It has been found that root biomass is
usually smaller when nutrient availability is higher within the same geographical area
(Finér et al. 2007, Helmisaari et al. 2007) or water availability is limiting (Meier and

Leuschner 2008).

Previously, Jarvi and Burton (2013) found evidence that surface fine (< 1mm)
roots of sugar maple in a northern soil warming experiment exhibited respiratory
acclimation to elevated soil temperature representative of a future climate scenario of +4
to 5 °C by 2100. However, they did not find evidence that fine-root biomass had been
affected by several years of soil warming. These findings are in contrast to those of
Melillo et al. (2011) for the Harvard Forest soil warming experiment in central
Massachusetts, which showed no indication of acclimation of fine-root respiration to
elevated temperatures, but did find reductions in fine-root biomass. These two different
scenarios, however, both result in a reduction in ecosystem fine-root respiration, relative
to what would be predicted using an exponential response of respiration to temperature,
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as both a down-regulation in root-respiration (acclimation) or a reduction of root biomass
(ultimately less tissue to respire) would constrain the contribution of ecosystem level root

respiration.

This study was conducted at the SMART (sugar maple altered rainfall and
temperature) experiment in August 2013, during the fourth growing season after the
initiation of the soil warming treatments. The objective was to determine if acclimation
of specific root respiration (nmol CO, g! s!) still existed for fine-roots from the shallow
soil depths of 0-10 cm to support the previous findings of Jarvi and Burton (2013), and to
investigate the presence or absence of acclimation on several root diameter classes (<1, 1-
2, and 2-10 mm) and at several soil depths (0-10, 10-30, and 30-50 cm). Additionally,
root biomass (g m?) was assessed to determine if there has been any effect of soil

warming on root biomass for any root size class or soil depth.

Methods

Study site location

This study was conducted at the SMART (sugar maple altered rainfall and
temperature) experiment in a natural second-growth sugar maple (Acer saccharum
Marsh.) forest at Michigan Technological University’s Ford Center and Forest (46°38.41°
N latitude, 88°29.07° W longitude). This fully factorial heating and water addition
experiment has been warming the soil from 1.5 m above soil surface with infrared lamps
since 2010 (Jarvi and Burton 2013). The treatment plots are 10 m by 10 m, with four

treatments replicated three times: control, heat (+4 to 5 °C above ambient soil
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temperature), water (plus 30% of average growing season ambient precipitation), and
heat + water. The treatments were applied during the snow-free season with a general
ramping up of soil temperature for the heated plots during the spring, and ramping down
of temperature on the heated plots during the fall. The infrared lamps were shut off but
left in place during the snow season (approximately early November-April). Since 2009
soil temperature and soil moisture were measured at depths of 2, 5, and 10 cm below soil
surface (Em50 data loggers with STM temperature/moisture probes, Decagon Devices,
Inc., Pullman, Washington, DC, USA). Additionally, at plot center, soil temperature at
soil depths of 1, 5, and 15 cm and air temperature at 1 m above soil surface were also
measured (Hobo U12 4-external channel outdoor/industrial data logger with TMC6-HA
probes, Onset Computer Corporation, Bourne, MA, USA). In 2014 deeper temperature
probes were installed at 20 and 30 cm to ensure that the temperature differential extended

to deeper soil depths (Figure 3.1).

Sugar maple dominates the site with 89.3% of the 21.7 m? ha'! of basal area.
Other less dominant species include: American elm (Ulmus americana L.), eastern
hemlock (Tsuga canadensis (L.) Carr.), eastern hophornbeam (Ostrya virginiana (Mill.)
K. Koch), and yellow birch (Betula alleghaniensis Britton). The soil is classified as a
sandy loam with 62% sand, 29% silt, and 9% clay for the 0-10 cm depth and 59% sand,
29% silt, and 12% clay for the 10-20 cm depth. A fragipan occurs at approximately 40

cm below the soil surface.

Sample collection
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Soil cores were collected in late August 2013, from which roots were extracted to
determine root respiration rates and root biomass. Three 10 cm diameter cores were
taken per plot at three depths: 0-10 cm, 10-30 cm, and 30-50 cm using a steel corer
designed for use in rocky forest soils (Jurgensen et al. 1977), for a total of 9 samples per
plot and 108 samples for the entire study site. Roots for respiration measurements were
immediately extracted from the soil samples, with the residual soil and roots stored on

ice, then returned to the laboratory where they were stored in -20 °C until further analysis.

Root respiration

Root respiration measurements were conducted following the procedure outlined
by Jarvi and Burton (2013) and Burton et al. (2012), with the use of two open-system
infrared gas analyzers (CIRAS-1 and CIRAS-2, PP Systems). Custom aluminum
cuvettes that could be placed in water baths to control temperature were connected to the
IRGAs. Root samples were separated from the soil depth increment samples and sorted
into one of three diameter classes (<1, 1-2, 2-10 mm) to obtain approximately 2 g fresh
weight of roots per diameter class. The root samples were hand cleansed of soil and
organic debris before measurement of root respiration commenced (usually within 15
minutes of sample collection). Respiration rates (nmol CO» s™') were recorded after
allowing 15 minutes to equilibrate to the cuvette temperature and the measurement
atmosphere of 1000 ul I'' CO», representative of soil atmospheric conditions. Root
respiration rates for all samples were measured at ambient soil temperature and at a
common reference temperature of 18 °C. It has been shown that respiration

measurements at a common reference temperature are useful for assessing differences in
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metabolic capacity that might be indicative of acclimation (Atkin et al. 2000). Roots
were placed on ice, transported back to the laboratory, and stored at -20 °C until further
analysis. Later, root respiration samples were cleansed with deionized water to remove
any residual adhering soil not removed during field cleaning, dried at 65 °C for 48 hours,

and weighed to enable calculation specific root respiration rates (nmol CO, g! s™).

Root biomass

Root biomass samples were obtained from the soil cores collected and stored in
the -20 °C freezer. Soil cores were weighed for field fresh weight after thawing in the
refrigerator for 24-48 hours. Soil was passed through a 6.2 mm sieve to remove any
rocks. These rocks were weighed for use in bulk density measurements and archived.
The soil was then passed through a 2 mm sieve and any remaining pebbles, debris, and
non-tree roots were discarded. Only live tree roots (pliable and brown to white in color)
were collected and stored in the freezer, while dead roots (brittle and brown to black in
color) were discarded. Root samples were then cleansed in deionized water, sorted into
the same diameter classes as the root respiration classes (<1, 1-2, 2-10 mm) and dried at
65 °C for 48 hours. Dry weights obtained from the respiration samples were added to

those sorted from the residual soil samples to determine total root biomass.

Ecosystem root respiration

Ecosystem level root-respiration was calculated as the product of specific root
respiration (nmol CO, g! s!) and root biomass (g m?). Averages were obtained from

these values and then summed across treatments and root diameters.
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Statistical analysis

All statistical analyses were conducted in the R environment (R Development
Core Team 2008). Two-way nested analysis of variance (ANOV A) was used to test for
differences in specific root respiration among treatments (heat & water) with nested size
class and rooting depth effects also examined. Two-way analysis of variance (ANOVA)
was used to test differences in root biomass to treatments (heat & water) with size class
and rooting depth. The Agricolae package was used in R to conduct post-hoc Tukey’s
honest significant difference (HSD) test to find significant differences in means from the

ANOVA analyses.

Results

Root respiration

The average soil temperatures across all three soil depths (0-10, 10-30, 30-50 cm)
on the sample date were 16.4 °C and 21.8 °C for the non-heated and heated treatments
respectively. At ambient temperature, root specific respiration rates were higher for the
heated treatments versus the non-heated treatments (Table 3.1, Figure 3.2). Effects were
greater for the <1 mm roots and 2-10 mm roots (significant heat x diameter interaction,
Table 1), with 71% more root respiration for the 1 mm roots (an average across soil
depths of 3.67 versus 2.14 nmol CO, g! s) and 69% more the 2-10 mm roots (1.05
versus 0.62 nmol CO» g™ s™) for the heated versus non-heated treatments, compared to an
53% response for roots of 1-2 mm (1.55 versus 1.01 nmol CO, g!' s!). In addition,

specific respiration rates were greater for smaller diameter roots and were lower for all
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root size classes in deeper soil (Table 3.1, Figure 3.2), with differences among root
diameter classes being less pronounced in deeper soil (significant root diameter x soil

depth interaction in Table 3.1).

At the reference temperature of 18 °C, root respiration rates were slightly less on
the heated versus the non-heated treatments (P = 0.082) (Figure 3.3), with this effect
driven largely by lower respiration rates for the heated treatments in surface soil roots,
with reduced effects in deeper soil (P = 0.082 for heat x depth interaction). Similar to
measurements at ambient temperature, there was a significant decrease in root respiration
at reference temperature for larger root diameter and deeper soil depth (Table 3.1, Figure
3.3), with differences among diameters less pronounced in deeper soil (root diameter x

soil depth interaction, Table 3.1).

Root biomass

Root biomass was not altered by soil warming or water additions (Table 3.2,
Table 3.3, Figure 3.4). There was a significant difference in root biomass across root
diameters, with greater biomass in <1 mm and 2-10 mm roots than in 1-2 mm roots, and
an indication that fine-root biomass declined with soil depth (P <0.001, Table 3.2). A
significant soil depth x root diameter interaction results from the tendency of fine root
biomass to be greatest in surface soil for <I mm diameter roots and greatest at the 30 — 50

cm depth for larger diameter roots (P = 0.021, Table 3.2, Figure 3.5).

Ecosystem root respiration
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For the sample date, total ecosystem root respiration rate was calculated by
multiplying respiration rates by biomass for each root size and diameter class and
summing. There was 17 and 4% more ecosystem respiration (umol CO> m™ s!) for the
heat and heat + water treatment compared to the control for the 0-10 cm depth, 107 and
40% more at the 10-30 cm depth (Table 3). Overall, the heated (heat and heat + water)
treatments respired at a rate of 3.30 umol CO> m™ s™!, which was 61% more than the non-

heated plots (control and water; 2.05 pmol CO> m? s,

Discussion

Fine-root biomass (<1 mm) has remained unchanged in the 0-10 cm depth in
response to experimental warming at the SMART experiment since 2010 (Jarvi and
Burton 2013), and we similarly find no evidence that root biomass in any size class or
depth increment has been altered by warming (Figure 3.4, Table 3.4). This 0-10 cm soil
is the soil depth where the majority of fine roots associated with acquisition of nutrients
are located. There is evidence that acclimation is still occurring at the site for fine-root
respiration at the 0-10 cm depth (lower respiration at the reference temperature for roots
from warmed soil, Figure 3) though not at deeper depths. Melillo et al. (2011) found no
evidence of acclimation in root respiration in a soil warming experiment at the Harvard
Forest after 7 years of experimental soil warming. However, they did observe a decrease
in fine-root biomass in the 0-10 cm depth that was sufficient to constrain the amount of
total C released back to the atmosphere by root respiration at the ecosystem level. In our
study, slight acclimation in surface fine roots, with no change in root biomass, somewhat

constrained root system respiration.
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However, lack of acclimation for deeper roots and no change in biomass led to
large overall increases in root system respiration. Earth systems models generally use a
Q10 of 2.0 for root respiration in climate change models in response to elevated
temperatures. Jarvi and Burton (2013) found that the respiration of roots on the control
plots responds to seasonal changes in soil temperature with a Q10 of 2.7. This would
create an expected increase in root respiration of 71% on the heated versus the non-
heated treatments for the temperature increase of 5.4 °C existing during the sampling
period. Fine roots (<1 mm) respiration increased only 32% more at the 0-10 cm depth (P

=0.005) but 111 and 211% more at the 10-30 and 30-50 cm depths respectively.

Previous exploration of how far the heat transfers to these deeper soil depths on
the heated treatments has shown that we achieve our target of +4-5 °C all the way to at
least 30 cm but most likely beyond that (Figure 3.1). However, this is the first time larger
diameter roots and roots at different soil depths have been measured for the warming
experiment. It could very well be the case that the Q1o for these different roots is vastly
different from the <1 mm roots from the 0-10 cm depth. The approximate growing
season for Alberta M1 is 124 days, so using this as a baseline and extrapolating the rates
of 2.05 umol CO> m? 5! for the non-heated treatments (control and water) and 3.29 umol
CO2 m2 57! for the heated treatments (heat and heat + water), the heated plots would
release 13.2 more g CO, m™ growing season™' than the non-heated plots with 35.2 and
22.0 g CO> m? growing season™! for the heated and non-heated plots respectively. These
scenarios both indicate that without total homeostasis of root system respiration to

increases in soil temperature, then the sugar maple tree systems may approach a scenario
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of reaching a reduced net carbon balance. Total homeostasis would be no difference in
ecosystem root respiration at ambient soil temperature between heated and non-heated
treatments in the presence of a temperature differential between the heated and non-

heated treatments of 4-5 °C, which is not these case currently (Figure 3.2).

These trees are at full leaf area capacity, and future climate scenarios do not
predict that more solar radiation will be intercepting the earth, but changes in GPP due to
any climatic variable is complicated and each variable has confounding effects on the
other. In addition, growing season length will increase, but without a corresponding
increase in precipitation, this may not result in large increases in GPP (Collins 2015). If
root system respiration increases without a sufficient increase in GPP, then NPP may
decrease potentially having a negative effect on the competitive ability and survivability

of sugar maple in this region.

Potential issues exist with regard to C available for other uses (i.e. bole growth)
unless other types of adjustments not observed in this study ultimately occur in the long-
term. Acclimation is occurring at the smaller diameter roots (<1 and 1-2 mm) at the 0-10
cm depth, but acclimation is not apparent in large diameter surface roots or any root
diameter at deeper soil depths (Figure 3). Examples of other adjustments would be the
response Melillo et al. (2011) saw with regard to decreased fine-root biomass for the
heated treatments versus the non-heated treatments. Additionally, Kratz (2014) measured
a decrease in mycorrhizal abundance in response to the heated treatments at the SMART

experiment. This decrease would reduce C allocation to the entire root/mycorrhizal
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absorbing system, but not enough to offset the increase in root respiration measured in

this study and in Jarvi and Burton (2013).

Conclusion

Fine-root respiration (<1 mm) showed an indication that it had partially
acclimated to soil warming at the 0-10 cm depth, somewhat limiting the increase in root
respiration with soil warming. However, there were large increases in root respiration in
response to soil warming in the deeper (10-30 and 30-50 cm) soil depths. The evidence
for acclimation at ambient temperature is apparent in the fine-roots (<1 mm) from the 0-
10 cm depth with only 32% more respiration on the heated treatments versus the non-
heated treatments, which is far less than the expected respiration of 71% more with a Q1o
of 2.7 and a temperature difference of 5.4 °C. However, the fine-roots (<1 mm) respired
at 111 and 211% more on the heated and non-heated plots for the 10-30 and 30-50 cm
soil depths, respectively. As a result, at the ecosystem level, there was 61% more C
being released to the atmosphere from the heated plots for the approximate +5 °C
differential in soil temperature. Such a response to a warmer climate could reduce C
availability for other uses, including aboveground woody increment if other adjustments

cannot be made.
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Table 3.1 Analysis of variance (ANOVA) table for effects of soil warming and moisture

addition on specific root respiration rates by root diameter class and soil depth increment
at ambient soil temperature and at an 18 °C reference temperature. Significance was set

at alpha = 0.05.

Ambient Temperature Root Respiration
df. Sum Sq Mean Sq F value P value

Heat 17.14 17.14 34876 <0.001
Water 0.73 0.73 1479 0228
Root diameter 79.01 39.50 80.396 <0.001
Soil Depth 33.34 1667 33922 <0.001
Heat x Water 0.39 0.39 0.789 0378

5.78 2.89 5880 0.005
0.93 0.47 0947 0.393
0.60 0.30 0610 0546
1.50 0.75 1525 0226
18.19 455 9256 <0.001
0.22 0.11 0225 0.799
0.40 0.20 0406 0668
0.61 0.15 0313 03868

Heat x Root diameter
Water x Root Diameter
Heat x Soil depth
Water x Soil depth
Root diameter x Soil depth
Heat x Water x Root diameter
Heat x Water x Soil depth
Heat x Root diameter x Soil Depth
Water x Root diameter x Soil depth 1.07 027 0545 0.704
Heat x Water x Root diameter x Soil depth 1.21 040 0821 0487
Residuals 63 3096 0.49
Reference Temperature Root Respiration
df. Sum Sq Mean Sq F value P value

WRABNNWONNNN_S2ANN=2 =

Heat 1 1.36 1.36 3.118 0.082
Water 1 1.04 104 2372 0129
Root diameter 2 6274 3137 71.771 <0.001
Soil Depth 2 3475 17.37 39.750 <0.001
Heat x Water 1 0.00 0.00 0.001 0973
Heat x Root diameter 2 0.56 028 0635 0533
Water x Root Diameter 2 0.51 026 0583 0.561
Heat x Soil depth 2 228 114 2608 0.082
Water x Soil depth 2 149 074 1701 0.191
Root diameter x Soil depth 4 2209 9.52 12635 <0.001
Heat x Water x Root diameter 2 044 022 0507 0605
Heat x Water x Soil depth 2 112 0.56 1278 0.286
Heat x Root diameter x Soil Depth 4 2.21 055 1267 0293
Water x Root diameter x Soil depth 4 1.77 044 1.010 0409
Heat x Water x Root diameter x Soildepth 3 0.39 013 0299 0.826
Residuals 63 27.54 0.44
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Figure 3.2 Average specific respiration (nmol CO> g'! s!) at ambient soil temperature
(16.4 °C and 21.8 °C for the non-heated and heated treatments respectively). Respiration
is categorized by soil depth increment (0-10, 10-30, and 30-50 cm) and root diameter
class (<1, 1-2, 2-10 mm). Error bars are one standard error of the mean.
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Table 3.2 Analysis of variance (ANOVA) table for effects on root biomass of soil

warming and water addition, by root diameter class and soil depth increment.

Significance was set at alpha = 0.05.

Mean F P

df. Sum Sq Sq value value
Heat 1 82839 82839 1.148 0.285
Water 1 135975 135975 1.884 0.171
Root diameter 2 1589823 794911 11.013 <0.001
Soil Depth 2 1073396 536698 7.435 <0.001
Heat x Water 1 4003 4003 0.055 0.814
Heat x Root diameter 2 93859 46929 0.650 0.523
Water x Root Diameter 2 47595 23797 0.330 0.719
Heat x Soil depth 2 248646 124323 1.722 0.180
Water x Soil depth 2 105491 52745 0.731 0.482
Root diameter x Soil depth 4 844748 211187 2926 0.021
Heat x Water x Root
diameter 2 52673 26336 0.365 0.695
Heat x Water x Soil depth 2 226163 113082 1.567 0.211
Heat x Root diameter x Soil
Depth 4 294956 73739 1.022 0.396
Water x Root diameter x
Soil depth 4 123808 30952 0.429 0.788
Heat x Water x Root
diameter x Soil depth 4 504051 126013 1.746 0.134
Residuals 288 20788156 72181
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Figure 3.4 Average root biomass across treatments and root diameters for depth
increments of 0-10 cm, 10-30 cm, and 30-50 cm. Error bars are standard error of the

mean.

Table 3.3 Average ecosystem root respiration (umol CO2 m™ s!) across treatments and
soil depths with one standard error of then mean within parentheses.

Soil depth (cm)

Treatment Total
0-10 10-30 30-50
Control 1.55(0.21) 0.63 (0.27) 0.06 (0.02) 2.24 (0.50)
Heat 1.82 (0.59) 1.30 (0.55) 0.74 (0.10) 3.86 (1.24)
Water 1.33(0.41) 0.46 (0.21) 0.06 (0.02) 1.85 (0.64)
Heat + Water 1.61 (0.34) 0.88 (0.22) 0.31 (0.19) 2.80 (0.75)
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Table 3.4 Average fine-root biomass (<1 mm, g m™) for the soil depth increments of 0-
10, 10-30, 30-50 cm across experimental soil treatments with standard error of the mean
in parentheses.

Root biomass (g m~)

Treatment 0-10 cm 10-30 cm 30-50 cm
Control 316 (38) 227 (49) 55 (12)
Heat 304 (62) 267 (63) 117 (32)
Water 311 (55) 225 (47) 34 (9)
Heat + water 295 (50) 190 (31) 51 (11)
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Figure 3.5 Average root biomass across soil depths of 0-10, 10-30, and 30-50 cm and root
diameters of <1, 1-2, and 2-10 mm. Error bars are standard error of the mean.
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Chapter 4: Ecosystem root respiration in sugar maple forests increases
with temperature within populations but not across populations:
Results of a range-wide study*

Abstract

Plant respiration returns more C to the atmosphere than the combustion of fossil fuels by
almost an order of magnitude. How plant respiration will respond and adjust to future
climate change across species entire native range is uncertain. Many current ecosystem
and earth systems models allow respiration to increase with temperature, often using an
exponential response. This study was conducted across the latitudinal range of sugar
maple (Acer saccharum Marsh.) in the Midwest U.S., spanning approximately 10 degrees
of latitude and 10 °C of mean annual temperature, to determine if such a temperature
response applied both within and across sites. Fine-root respiration was measured at
sixteen different locations three times during the growing season of 2014 (June, July, and
September). Fine-root biomass and fine-root N concentration were also determined.
Specific fine-root respiration increased with temperature within each location, but across
sites there was relatively greater specific fine-root respiration at the northern, cooler sites
than at the southern, warmer sites, leading to negative correlations between respiration
and temperature across sites for two of the sample periods. Fine-root biomass and fine-
root N concentration were also lower at these southern, warmer sites. Overall, ecosystem
fine-root respiration (umol CO, m™ s!) rates were greater at the northern sites than the
southern sites. It is not known if the observed differences in root respiration, N
concentration, and biomass among populations in response to temperature regime are a
plastic response of which all sugar maple are capable, or if there are inherent temperature
races within sugar maple that would not allow this tree species to make such large
adjustments at individual locations across its native range to future climate change.
However, the lack of changes in root N and biomass during four years of experimental
soil warming at one of the sites, suggests inherent differences among populations are
likely responsible for much of the observed patterns across the broad geographic region
and only a limited degree of acclimation may be possible within local populations.

The material contained in this chapter has not been submitted to any journal yet. Mickey
Jarvi is the sole contributor in designing the experiment, collecting data, analyzing and
interpreting data, and writing the manuscript. Andrew Burton will be listed as a co-
author when the manuscript is submitted to a future journal.
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Introduction

Globally, plants fix approximately 120 Pg C year! through photosynthesis
(Prentice et al. 2001), but concurrently use much of this newly acquired photosynthate to
conduct cellular respiration associated with building new tissue, maintaining and
repairing existing tissue, and transporting ions throughout the plant’s tissues. Plant
respiration (Ra) releases about 45-60 Pg C to the atmosphere every year (Atkin and
Tjoelker 2003; Luyssaert et al. 2007; Prentice et al. 2001), which is approximately 6-8
times the amount of C released to the atmosphere as fossil fuel combustion (IPCC 2013a;
Piao et al. 2010). Since R. is enzymatically driven, it often has been found to
exponentially increase with temperature (Jarvi and Burton 2013; Jarvi 2011; Piao et al.
2010; Ryan et al. 1997; Tjoelker et al. 2001). Ra uses 30-80% of daily photosynthate
(Atkin and Tjoelker 2003; Delucia et al. 2007; Litton et al. 2007; Luyssaert et al. 2007),
thus increases in temperature could potentially cause greater respiration and return of

COz to the atmosphere.

The Intergovernmental Panel on Climate Change (IPCC) predicts that the
terrestrial portion of the planet will warm by 1 to 5 °C by 2100 relative to 1850 to 1900
(IPCC 2013a), mainly due to increases of greenhouse gases such as CO>. Additionally,
the Midwestern portion of the United States may see an increase in growing season
temperatures of 2 to 5 °C by 2100, relative to 1986-2005 (IPCC 2013b). Precipitation
patterns are predicted to change as well, as some portions of the planet will get drier,
while others will be wetter (IPCC 2013b). Increases in global temperatures can affect the

structure and function of a terrestrial ecosystems (Bond-Lamberty and Thomson 2010;
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Luo et al. 2001; Nemani et al. 2003; Petchey et al. 1999; Walker et al. 2006), and these
changes can affect the C cycling in these systems. It is unclear if changes in C cycling in
terrestrial ecosystems will have a positive or negative feedback on the Earth’s climate
(Cao and Woodward 1998; Cox et al. 2000; Davidson and Janssens 2006; Melillo et al.
2002; Smith and Fang 2010). Lu et al. (2013) suggest a better understanding of how
ecosystem C cycling adjusts to a changing climate is needed to enable more accurate

predictions of future C cycling.

Soil C efflux (autotrophic and heterotrophic respiration, Ra. and Ry) can contribute
up to 60-80% of total ecosystem respiration, and 30-60% of this is root respiration
(Bowden et al. 1993; Epron et al. 1999; Nakane et al. 1996; Pregitzer et al. 1998). Very
fine-roots (<0.5 mm) of woody plants can contribute about 50% of ecosystem root
respiration in temperate hardwood forests (Burton et al. 2012), thus their response to a
warmer world could have a large impact on ecosystem C balance and feedbacks to
atmospheric CO; concentration and the rate of warming. When root tissues undergo a
short-term increase in temperature, they exhibit an exponential increase in respiration
with a Qo of 1.8 - 3.0 (Burton et al. 2002; Piao et al. 2010). With climatic warming, the
associated potential increase in photosynthate usage by root respiration might result in
decreased C availability for biomass production and an increase in return of assimilate to
the atmosphere as soil COz efflux, potentially creating a positive feedback loop causing

even higher global temperatures (Woodwell and Mackenzie 1995).

Acclimation of tissue respiration to changes in temperature would limit increases
in Ra and potential decreases in net primary productivity (NPP). Acclimation can either
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be accomplished by reducing metabolic capacity of existing tissues (Atkin and Tjoelker
2003) or by building new tissues that are less metabolically active (Loveys et al. 2003;
Ow et al. 2008). The presence of acclimation has been found in foliage (Atkin et al.
2015, Slot and Kitajima 2015, Atkin et al. 2000a, b; Cooper 2004; Larigauderie and
Korner 1995; Loveys et al. 2003, Vanderwel et al. 2015) and roots (Atkin et al. 2009;
Atkin et al. 2000b; Atkinson et al. 2007; Covey-Crump et al. 2002; Edwards et al. 2004),
but the data for roots is limited largely to herbaceous plants and seedlings. Additionally,
the mechanisms for acclimation in roots to changes in temperature are unknown, but are
assumed to be changes in enzymatic capacity, substrate limitation, and/or adenylate
control (Atkin and Tjoelker 2003). In addition to tissue-level physiological changes,
reductions in fine-root biomass can also constrain ecosystem level root respiration, as
was observed in a long-term soil warming study in a temperature hardwood forest
(Melillo et al. 2011) at Harvard Forest. This adjustment in conjunction with increases in

N mineralization allowed NPP to actually increase.

Current experimental warming studies in mature natural forests do not include
total tree warming due to logistical and economic constraints. Instead soil warming is
applied using buried heating cables (Melillo et al. 2011) or infra-red heating lamps from
above (Jarvi and Burton 2013; Jarvi 2011). Since such studies do not warm the entire
ecosystem and can be limited in duration, comparing their detailed responses to findings
from transect studies, which look at common plant or tree species across a natural

temperature gradient, should help us understand if experimental warming responses
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measured at one location are likely to apply across a species’ entire range and if they play

a role in governing the current range and function of a species.

Jarvi and Burton (2013) found that there was indeed acclimation of surface fine-
root respiration to temperature at an experimental warming study in northern Michigan
on the heated plots versus the non-heated plots. There was not the expected 49-64%
more respiration on the heated plots with a 4-5 °C increase in temperature with a Q1o of
2.7. There was in fact only a 13-29% increase in respiration on the heated plots versus
the non-heated plots after 2.5 years of warming. It was not known if the acclimation
observed in this experiment (Jarvi and Burton 2013) is occurring across the temperature
gradient of sugar maple’s natural range, or if other mechanisms, inherent to local
populations, constrain belowground C allocation to root respiration. This transect study
was conducted with the purpose of comparing data obtained from the experimental
warming site (Jarvi and Burton 2013) to that from sixteen sites located along a 10 °C
natural gradient in mean annual temperature, spanning 10 degrees of latitude across sugar

maple’s native range.

The objectives of this study were to: 1) determine if differences in root
respiration, root N concentration and/or root biomass exist along the transect and if such
differences were related to differences in latitude and mean annual temperature, and 2)
assess whether trends along the transect in root specific respiration and ecosystem

respiration with temperature would be correctly estimated by current modeling methods.

The results of this comparison have potentially important implications for how to

model responses to temperature. Root biomass, root N, and root respiration could vary
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across this transect due to either a general plastic response to site conditions that could
occur anywhere within sugar maple’s range if environmental conditions warranted or due

to genetic differences among populations of sugar maple throughout its range.

Methods

Sugar maple transect

The transect encompassed the natural range of sugar maple (Acer saccharum
Marsh.) in the central United States of North America and included sixteen sample
locations spanning 10 degrees of latitude from 47° in the north to 37° in the south.
(Figure 4.1, Table 4.1). The sites were selected to have overstory composition
dominated by sugar maple. Mean annual temperature data from NOAA.org shows a 10.7
°C increase along the transect, from 2.3 °C in the north (TOFT site) to 13.0 °C in the
south (SOSH site). Site locations were selected in June 2014 and tree species
composition, dbh, trees per hectare, and basal area were determined using six 1/50 ha

plots per site (Table 4.1).

The site labeled SOSH is located at 37° 35.3” N latitude and 89° 26.1° W
longitude, in the southern portion of the Shawnee National Forest in southern Illinois
with a mean annual temperature (MAT) of 13.0 °C. The site’s basal area is dominated by
sugar maple with 71.9% of the 15.5 m? ha™! total. The site has a density of 541.7 trees ha’
!, is situated on a 30% slope with an aspect of 270°. Other species located at SOSH
include: pawpaw (Asimina triloba (L.) Dunal), bitternut hickory (Carya cordiformis

(Wangenh.) K. Koch), shagbark hickory (Carya ovata (Mill.) K. Koch), American beech
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(Fagus grandifolia Ehrh.), tuliptree (Liriodendron tulipifera L.), eastern hophornbeam

(Ostrya viginiana (Mill.) K. Koch), northern red oak (Quercus rubra L.).

NOSH was located on the northern portion of the Shawnee National Forest at 37 °
40.8° N 89 ©23.9° W with a MAT of 13.0 °C. Sugar maple dominates the site’s basal
area with 73.1% of the 19.8 m? ha™!. This site has a density of 566.7 trees ha™! and is
located on a 45% slope at an aspect of 90°. Other species located at NOSH are: bitternut
hickory (Carya cordiformis (Wangenh.) K. Koch), American beech (Fagus grandifolia
Ehrh.), black walnut (Juglans nigra L.), tuliptree (Liriodendron tulipifera L.), white oak

(Quercus alba L.), northern red oak (Q. rubra L.), sassafras (Sassafras albidum Nutt.).

The site SOHO was located on the southern portion of the Hoosier National
Forest in southern Indiana at 38 ©3.1° N 86 ©31.3° W with a MAT of 11.7 °C. Sugar
maple dominates the basal area at the site with 84.0% of the 18.6 m? ha™!. The site has a
density of 566.7 trees ha™! and is located on a slope of 25% with an aspect of 340°. Other
species at SOHO are: bitternut hickory (Carya cordiformis (Wangenh.) K. Koch),
American beech (Fagus grandifolia Ehrh.), white ash (Fraxinus americana L.), tuliptree
(Liriodendron tulipifera L.), eastern hophornbeam (Ostrya virginiana (Mill.) K. Koch.),
black cherry (Prunus serotina Ehrh.), white oak (Quercus alba L.), northern red oak (Q.

rubra L.), sassafras (Sassafras albidum Nutt.), American elm (UImus americana L.).

The site NOHO was located on the northern portion of the Hoosier National
Forest at 38 ©21.6” N 86 °29.4” with a MAT of 11.7 °C. Sugar maple dominates 93.2%
of the 26.0 m? ha™! of basal area. The site has a density of 516.7 trees ha™! and is located

on a 25% slope with an aspect of 95°. Other species located at NOHO are: shagbark
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hickory (Carya ovata (Mill.) K. Koch), American beech (Fagus grandifolia Ehrh.), white

oak (Quercus alba L.), chestnut oak (Q. montana Willd.).

The CEIL site is located at Funk’s Grove in Central Illinois at 40 © 21.1” N 89 °©
7.8 W with a MAT of 10.4 °C. Sugar maple dominates the site with 99.7% of the 40.9
m? ha! of basal area. The site’s density was 758.3 trees ha™! and is located on a 4% slope
with an aspect of 210°. The other species included at CEIL were: American elm (Ulmus

americana L.).

The NOIN site was located in northeastern Illinois on Illinois Nature Preserves
Commission land at 41 °24.4° N 87 ° 35.8° W with a MAT of 9.6 °C. Sugar maple
dominates the basal area at the site with 91.6% of the 24.5 m? ha™!. The density at the site
was 791.7 trees ha! on a 10% slope with an aspect of 10°. Other species at NOIN
include: bitternut hickory (Carya cordiformis (Wangenh.) K. Koch), black walnut
(Juglans nigra L.), eastern hophornbeam (Ostrya virginiana (Mill.) K. Koch), black
cherry (Prunus serotina Ehrh.), white oak (Quercus alba L.), northern red oak (Q. rubra

L.

NOIL was located in northern Illinois on Illinois Nature Preserves Commission
land at 41 ° 51.2° N 89 ©20.7°> W with a MAT 0f 9.0 °C. Sugar maple dominates the
basal area with 73.5% of the 14.4 m? ha™!. The tree density was 966.7 trees ha™! and is
located on a 25% slope with an aspect of 270°. Other species located at NOIL include:
bitternut hickory (Carya cordiformis (Wangenh.) K. Koch), black walnut (Juglans nigra

L.), eastern hophornbeam (Ostrya virginiana (Mill.) K. Koch), black cherry (Prunus
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serotina Ehrh.), northern red oak (Quercus rubra L.), American elm (Ulmus americana

L.

OCNA was located on the Manistee National Forest in southern lower Michigan
at43°40.2° N 86 ° 8.6 W with a MAT of 7.2 °C. Sugar maple dominates 71.1% of the
38.3 m? ha'! of basal area. The density was 575.9 trees ha! and located on a slope of 5%
and an aspect of 330°. Other species at OCNA were: red maple (Acer rubrum L.),
American beech (Fagus grandifolia Ehrh.), white ash (Fraxinus americana L.), eastern
hophornbeam (Ostrya virginiana (Mill.) K Koch), black cherry (Prunus serotina Ehrh.),

northern red oak (Quercus rubra L.), eastern hemlock (Tsuga canadensis (L.) Carr.).

WXLO was located in the Manistee National Forest in central lower Michigan at
44°22.8° N 85°50.0° W with a MAT of 5.9 °C. Sugar maple dominated the basal area
with 78.8% of the 33.7 m? ha''. The tree density was 542.6 trees ha! on a slope of 10%
and aspect of 30°. Other species present at WXLO were: red maple (Acer rubrum L.),
American beech (Fagus grandifolia Ehrh.), black cherry (Prunus serotina Ehrh.), and

northern red oak (Quercus rubra L.).

CEWI was located at Big Eau Pleine Woods State Natural Area in central
Wisconsin at 44 °44.3 N 89 ° 50.5° W with a MAT of 4.3 °C. The basal area was
dominated by sugar maple with 84.6% of the 37.6 m? ha™!. The density was 583.3 trees
ha! on a slope of 5% and aspect of 25°. Other species located at CEWI included: yellow
birch (Betula alleghaniensis Britton), bitternut hickory (Carya cordiformis (Wangenh.)
K. Koch), green ash (Fraxinus pennsylvanica Marsh.), eastern hophornbeam (Ostrya

virginiana (Mill.) K. Koch).
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The site PELL was located on the Mackinaw State Forest in northern lower
Michigan at 45 ©32.8° N 84 °51.6° W with a MAT of 5.9 °C. The basal area was
dominated by sugar maple with 88.8% of the 33.7 m? ha™!. The density was 529.6 trees
ha™! on a slope of 10% and aspect of 10°. Other species included at PELL were: red
maple (Acer rubrum L.), American beech (Fagus grandifolia Ehrh.), white ash (Fraxinus

americana L.), American basswood (Tilia americana L.).

NOWI was located on Wisconsin Department of Natural Resources land in
northern Wisconsin at 46 © 15.2° N 90 © 36.8° W with a MAT of 4.3 °C. Basal area was
dominated by sugar maple with 93.2% of the 30.8 m? ha™!. The density was 725.0 tree
ha™! on a slope of 5% and aspect of 30°. Other species included at NOWI were: balsam
fir (Abies balsamea (L.) Mill.), paper birch (Betula papyrifera Marsh.), white ash
(Fraxinus americana L.), eastern hophornbeam (Ostrya virginiana (Mill.) K. Koch.),

white spruce (Picea glauca (Moench) Voss), American basswood (Tilia americana L.).

The FORD site was located on the Michigan Technological University’s Ford
Center and Forest in western upper Michigan at 46 ° 38.4” N 88°29.1° W with a MAT of
3.9 °C. The basal area was dominated by sugar maple with 89.3% of the 21.7 m? ha™..
Tree density was 963.0 trees ha™! on a slope of 5% and aspect of 270°. Other species at
FORD include: yellow birch (Betula alleghaniensis Britton), eastern hophornbeam
(Ostrya virginiana (Mill.) K. Koch.), eastern hemlock (Tsuga canadensis (L.) Carr.),

American elm (Ulmus americana L.).

ALBT was located on Copper Country State Forest land in western upper

Michigan at 46 ° 51.7° N 88 © 53.0° W with a MAT of 3.9 °C. Sugar maple dominated
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89.7% of the 36.4 m? ha'! of basal area. Tree density was 574.1 trees ha! on a slope of <
2%. Other species present at ALBT were: red maple (Acer rubrum L.), balsam fir (Abies
balsamea (L.) Mill.), yellow birch (Betula alleghaniensis Britton), eastern hophornbeam
(Ostrya virginiana (Mill.) K. Koch), white spruce (Picea glauca (Moench) Voss), black

cherry (Prunus serotina Ehrh.), American basswood (Tilia americana L.).

CANA was located at Turkey Lakes Watershed operated by the Great Lakes
Forestry Centre in southern Ontario, Canada at 47 ©2.8” N 84 ° 24.5° W with a MAT of
4.6 °C. The basal area was dominated by sugar maple with 87.0% of the 34.3 m? ha™’.
Tree density was 733.3 trees ha™! on a slope of 35% and aspect of 20°. The other species

located at CANA was: yellow birch (Betula alleghaniensis Britton).

Finally, the TOFT site was located on the Superior National Forest in northern
Minnesota at 47 ©41.1° N 90 © 44.2> W with a MAT of 2.3 °C. The basal area was
dominated by sugar maple with 74.2% of the 29.1 m? ha™!. Tree density was 1066.7 trees
ha! on a slope of 10% and aspect of 120°. Other species present at TOFT were: red
maple (Acer rubrum L.), paper birch (Betula papyrifera Marsh.), and quaking aspen

(Populus tremuloides Michx.).

Root respiration

Fine-root respiration was measured in June, July, and September of 2014. Six
sampling locations were designated at each site for use in all sampling, with each of five
exterior sampling locations placed within 20 m of a center sampling location. On each
measurement date three 5 cm diameter x 10 cm deep soil cores per sampling location

81



were used to gather samples for determining fine-root respiration. On all sample dates,
root respiration measurements were made at the ambient soil temperature for the
particular sample date and location, and at a common reference temperature of 18 °C.
The comparison of root respiration rates across sites at a common reference temperature
was used as an indicator of differences among sites and across time in root metabolic
capacity, as a way to investigate acclimation. The roots were hand-cleansed of soil, and
approximately 2 g fresh weight of fine roots (<1 mm) were collected for measurement of
root respiration using infrared gas analyzers (IRGAs, Ciras-1 and Ciras-2, PP Systems,
Haverhill MA). Root samples were placed inside aluminum cuvettes that extended into
water baths to maintain desired sample temperature. The IRGAs were run in an open
system configuration with an input CO: concentration of 1000 p L L™, designed to
simulate surface soil atmosphere CO; levels (Burton et al. 1997). Stable fine-root
respiratory efflux rates were recorded after a 15 minute period that allowed roots to
equilibrate to the cuvette temperature and effects of opening the cuvette to the
atmosphere to subside. Additional details of the root respiration measurement technique

can be found in Jarvi and Burton (2013).

Root biomass

In September 2014, samples were taken for determining root biomass at each
location. To do this, all soil was retained from the three 5 cm by 10 cm cores per
sampling location used for root respiration measurements from the depth increment of 0-
10 cm below soil surface and placed on ice. Additionally, six single 5 cm by 10 cm cores

at a depth of 10-20 cm below the soil surface were collected to determine deeper root
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biomass. All cores were placed on ice and returned to the lab and stored at -20 °C until
further analysis. Each soil core was weighed after thawing for total field weight, and
then soil was passed through a 6.3 mm opening sieve. All rocks that did not pass this
sieve were weighed for use in bulk density calculations. The soil was then passed
through a 2.0 mm opening sieve. During sieving, all live tree roots (pliable and white to
brown in color), regardless of diameter, were separated from the soil by hand, hand
cleansed of soil particles, and stored at -20 °C. All debris and dead roots (brittle and
black in color) were discarded. A subsample of soil free of rocks, debris, and roots was
collected, its moist weight recorded, and then placed in a 65 °C oven for 72 hours.
Afterwards, the dry weight of this subsample were recorded for use in soil moisture and
bulk density measurements. Root samples separated during sieving were cleansed in
deionized water, sorted into one of four diameter classes (<1, 1-2, 2-5, and >5 mm), dried
at 65 °C for 48 hours, and weighed. The weights of fine roots used in the respiration
measurements were added to the surface fine root biomass from the residual soil to

determine total surface fine root biomass.

Ecosystem fine-root respiration

Ecosystem level fine-root respiration was calculated by using the root biomass
measurements from September 2014 and the specific fine-root respiration measurements
from all three sampling periods (June, July, and September 2014). Thus, fine-root
respiration (nmol CO; g! s!) was multiplied by fine-root biomass (g m?) and converted

to umol CO> m? s! to obtain ecosystem level fine-root respiration.
W y P
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Root N

Root N concentrations were determined from the fine-root respiration samples
from June, July and September 2014. The dried root samples were ground and analyzed

for C and N using an elemental analyzer (Carlo Erba NA 1500 NC, CE Elantech).

Statistical Analysis

All statistical analyses were conducted with R (R Core Team 2013). Pearson’s
correlation coefficient (R) was used to assess correlations across sites of mean annual
temperature with latitude, ambient soil temperature with latitude, and root biomass (by
sample depth) and root N with latitude. Differences among sites and dates in fine-root
respiration, ecosystem level-fine root respiration, and fine-root N were analyzed by
repeated-measures analysis of variance (ANOVA) with fine-root respiration as the
dependent variable, site location as the independent variable and date as the repeated
measure. Differences in root biomass were assessed with 3-way ANOVA with root

biomass assessed across site, soil depth increment, and root diameter.

Results

Mean annual temperature and ambient soil temperature differences

Mean annual temperature, with a range of 2.3 — 13.0 °C, was negatively correlated
with latitude along the transect (r> = 0.97, R = -0.98, P < 0.001). The ambient surface
soil temperature (0-10 cm) was strongly negatively correlated to increases in latitude

across all three sample dates (> = 0.61, R =-0.78, P < 0.001). The June, July, and
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September sampling periods had similar slopes of ambient soil temperature to latitude (P
= 0.09) but different intercepts (P < 0.001) (Figure 4.2). The June sample date had a
range in ambient soil temperatures of 10.0 °C (13.0 — 23.0 °C, minimum to maximum
respectively), the July date had a range of ambient soil temperatures of 8.9 °C (11.9 —
20.8 °C), and the September date had a range of soil temperatures of 9.8 °C (9.1 — 18.9

°C) (Table 4.2, Figure 4.2).

Specific fine-root respiration

At ambient soil temperature specific fine-root respiration (nmol CO» g'! s!)
decreased significantly across sites with increases in temperature and decreases in
latitude for the July and September dates (Figure 4.3). In contrast, within sites specific
fine-root respiration always increased as soil temperature increased with temperature
across dates (Table 4.4). Repeated-measures ANOVA indicated significant differences
among sites in specific fine-root respiration across all sample dates at ambient soil
temperature (P < 0.001, Table 4.4). Additionally, there were significant differences
among dates (P <0.001, Table 4.4) and a significant site x date interaction (P < 0.001,

Table 4.4).

Fine-root respiration at reference temperature (18 °C) decreased significantly with
increases in ambient soil temperature and decreases in latitude for all three sample dates
(P <0.001, Figure 4.4, Table 4.4). Fine-root respiration at reference temperature also
differed among dates (P = 0.018) and exhibited an interaction of site by date (P = 0.002,

Table 4.4).
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Root biomass

For the smallest diameter roots (<1 mm), root biomass was positively correlated
to latitude at both the 0-10 and 10-20 cm sampling depths (R = 0.80, P <0.001 and R =
0.55, P = 0.03 respectively, Table 4.5, Figure 4.5 & 4.6), and negatively correlated with
MAT. Three-way ANOVA suggests a significant difference in root biomass among sites
(P <0.001) and root diameter classes (P < 0.001), with site by root diameter (P < 0.001)
and sample depth by root diameter (P < 0.001) interactions also occurring (Table 4.6,

Figure 4.5 & 4.6).

Ecosystem fine-root respiration

Ecosystem fine-root respiration (umol CO> m? s!) is the product of specific fine-
root respiration and fine-root biomass and is a measure of the contribution of fine-root
respiration to soil CO; efflux at these locations. Repeated measures ANOVA indicates
significant differences among sites in ecosystem fine-root respiration (P < 0.001, Table
4.7), with ecosystem fine-root respiration tending to decrease as ambient soil temperature
increased across sites for all sample dates (Figure 4.7). There were also significant
differences among sample dates in ecosystem fine-root respiration (P < 0.001, Table 4.7),
and a significant interaction with site location and sample date (P < 0.001, Table 4.7,
Figure 4.7). Overall, ecosystem fine-root respiration tended to be higher in June and
lowest in September (Figure 4.7), corresponding to differences in ambient soil

temperature among sample periods.

Fine-root N concentration
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Fine-root N was negatively correlated to MAT and positively correlated to
latitude of the sample sites (R = 0.43, P <0.001) (Figure 4.8). The southern sites were
lower in fine-root N than the northern sites across all three sample dates (P < 0.001)

(Figure 4.8, Table 4.8).

Discussion

In many models, including coupled earth systems models used for predicting
responses to climate change, plant tissue respiration is allowed to increase exponentially
with temperature, often with a Q1o near 2 (Smith and Dukes 2013, Oleson et al. 2010,
Tjoelker et al. 2001). Along this sugar maple transect, this would suggest that specific
root respiration rates at ambient temperature would be at least 85% greater at the warmest
transect site than at the coolest site. Instead, specific fine-root respiration at ambient
temperature was greater for the coolest sites (northern latitudes), for the July (49%
greater) and September dates (27% greater), and only 26% greater at the southern sites
versus the northern sites in June (Figure 4.3, Table 4.4). Within sites; however, specific
fine-root respiration always increased with ambient soil temperature across sample dates

(Table 4.3), often with a Q1o near 2 to 3.

Fine root metabolic capacity was lower at the warmer, lower latitudes sites, as
indicated by respiration rates at the reference temperature of 18 °C (Figure 4.4, Table
4.4). These findings indicate that the sugar maple absorptive fine roots of the lower
latitudes are less active at a given temperature than those from the cooler and more

northern latitudes. Under field conditions, warmer temperatures cause respiration rates to
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be more similar among sites, likely indicating generally similar allocation of
carbohydrates to perform work associated with fine root activity (i.e. nutrient uptake and

transport).

These differences among sites in root metabolic capacity appear related to the
construction of fine roots with lower N concentrations at the warmer, lower latitude sites
(Figure 4.8). Nitrogen content can be representative of the enzyme quantity (Wei et al.

2014, Zang et al. 2013), and thus can be correlated with respiration rates.

Additionally, fine-root biomass was lower at the warmer, lower latitude sites
(Figure 4.5 & 4.6, Table 4.5). This held true for the fine roots (<1 mm) at both soil
depths of 0-10 and 10-20 cm (Figure 4.5 & 4.6), but fine-root biomass was generally
similar among sites for the other diameter classes and soil depths (1-2, 2-5 and >5 mm).
The more shallow soil depth (0-10 cm) is dominated by <I mm roots across all sites.
This soil depth is where most soils have the greatest amounts of organic matter and where
all aboveground litter and most belowground litter associated with fine-root turnover
occurs. As a result, this is the most active zone of nutrient uptake for this forest type.
Lower fine-root biomass in the surface soil at the warmer, southern sites is not
compensated for by greater fine root biomass in the 10-20 cm depth. We had speculated
that this might occur due to a greater likelihood of drier surface soils at the warmer sites,
potentially causing a redistribution of fine roots to slightly deeper soils. This notion is
not supported as there is 45% less fine-root biomass (<1 mm) in the 10-20 cm depth
versus the 0-10 cm depth at the southern sites (SOSH, NOSH, SOHO, NOHO, CEIL, see
Figure 4.1, Table 4.5) versus 59% less fine-root biomass in the same depth comparison at
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the northern sites (NOWIL, FORD, ALBT, CANA, TOFT, see Figure 4.1, Table 4.5).
There is a considerable mass of larger diameter roots (2-5 and >5 mm) at the 10-20 cm
depth that remains fairly consistent across all sites. These roots are generally used for
transport, carbohydrate storage and structural support so it makes sense that this is similar
across all sites that have similar aboveground basal area and yearly leaf area

requirements.

At the ecosystem level, lower inherent specific respiration rates and lower
biomass combine to result in much lower C allocation to fine-root respiration at the
warmer, more southern sites (Figure 4.7, Table 4.7) on the three sample dates. It should
be noted that the growing season also is longer at these warmer sites, so total growing
season root respiration may differ less among sites, but clearly is not greater at the
warmer sites. This would agree with suggestions that ecosystem root respiration should
be aligned with the work required of the root system for acquisition of nutrients (Jarvi
and Burton 2015, in review), which is not expected to differ greatly along the transect, as

all sites likely produce a similar biomass of nutrient rich foliage annually.

Sugar maple trees may need to have higher root biomass and specific fine-root
respiration rates in the cooler more northern locations in order to obtain needed nutrients
to produce similar amounts of new nutrient rich tissues (leaves, fine roots) during a
shorter growing season. This shorter growing season in the northern latitudes would
mean that sugar maple fine-root systems would have to conduct nutrient assimilation at a
faster rate than those at southern latitudes. It appears that the northern most latitude sugar
maples fine roots have a strategy of high fine-root biomass, high fine root N and
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metabolic capacity, coupled with lower ambient soil temperatures and a short growing
season, while on the other hand, the southern-most latitude trees have a strategy of lower
fine-root biomass and fine-root metabolic capacity, coupled with higher ambient soil
temperatures. These strategies make intuitive sense in that high root N and respiratory
capacity, high biomass, and warm temperatures would create a much greater capacity of
the root system to do work than might be required, possibly causing the root system to
use excess C, limiting that available for other uses, including aboveground growth. This
could potentially limit the trees ability to compete and survive successfully on the

landscape in very warm climates.

There likely is a climatic limit beyond which sugar maple could possibly not
adjust its belowground rooting strategy and C allocation and still remain competitive,
which may be one of the reasons that sugar maple-dominated forests eventually transition
to forests dominated by the beech family (Fagaceae) and hickory family (Juglandaceae)
to the south. These tree families are better suited for warmer climates than sugar maple,
although another maple, southern sugar maple (Acer barbatum Michx.), is sometimes
treated as a subspecies of sugar maple (Desmarais 1952, Kreibel 1957) and grows in
these southern regions. Southern sugar maple extends beyond sugar maple’s range and
reaches from Virginia to Florida and west to eastern Texas. Further work would be
needed to compare sugar maple and southern sugar maple genetically and

physiologically.

It is not known if the observed differences among sites are a plastic response to
environmental conditions that all sugar maple are capable of, or if they are the result of
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genetically different ecotypes, tightly adapted to local climate, occurring at each site. If
the former is true, climatic warming will have little impact on belowground C allocation
across sugar maple’s range. If the latter is true, ecosystem root respiration could
increase greatly at all locations with climatic warming, potentially altering ecosystem
carbon balance and productivity. Our own within site examination of sugar maple root
respiration in experimentally warmed soil (+4 to 5 °C) at the FORD site suggests that
there is some capacity for the root systems at a given location to acclimate to warmer soil
(Jarvi and Burton 2013). However, acclimation was only partial and allowed for a much
smaller adjustment than observed across the sugar maple transect sites. In addition, the
acclimation did not involve any adjustment of root N concentration or fine root biomass
over more than four growing seasons of warming. This suggests that the differences
among sites observed along the transect may be largely due to inherent genetic

differences among populations at the sites.

Overall, our data seems to indicate that within sites, climatic warming will lead to
greater root system respiration, with only partial acclimation occurring. This partial
acclimation would result in an overestimation of carbon effluxes due to increasing
temperatures in modeling efforts with a Q10 of 2 or more. However, if the sugar maples
ability to adjust C allocation to root system activity across its current range is indeed
related to inherent differences among populations that facilitate large differences in root
N, metabolic capacity and biomass in different climates, the full adjustment to climatic

warming would require the introduction at a given location of better suited genotypes.

Conclusion
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Our findings suggest that factors constraining ecosystem root respiration in sugar
maple across its native range may differ from those that can occur at any given location.
Jarvi and Burton (2013) found that after several years of experimental soil warming a
reduction in metabolic capacity occurred for sugar maple roots in experimentally warmed
soil, indicating that some degree of thermal acclimation was taking place. They however
saw no reduction in fine-root biomass in the same heated plots during this same time
period. In another soil warming experiment with mixed hardwoods, Melillo et al. (2011)
found no indication of acclimation at the tissue level, or reduction in metabolic capacity,
but did find a reduction in fine-root biomass on the heated plots versus the non-heated
plots. This current study found that both a reduction in fine-root biomass and a lower
fine-root metabolic capacity (respiration measured across sties at a constant reference
temperature of 18 °C) on the warmer more southern sites, showing the potential range of
responses of sugar maple fine-roots to increases in warmer growing temperatures. If all
sugar maple are capable of these types of changes, then sugar maple may be able to adapt
to global climate change across most of its current range. However, results of soil
warming experiments suggest that large reductions within a site in fine root N are
unlikely and reductions in fine root biomass may or may not occur. A key issue may
result from the rate of climatic warming combined with a reduction of woodland
corridors due to agriculture and urban environments, not allowing well-suited sugar
maple genotypes to naturally migrate fast enough to keep pace with climate change.
Land managers may see a reduction of sugar maple in the southern extremes of its current
range but presumably sugar maple will expand its range further north as global

temperatures rise. Additionally, sugar maple may be able to find adequate refugia in its
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current range within north facing slopes, lower landscape positions, and more loamy soils
where soil moisture is less of an issue. To maintain its full range of current landscape
positions, other options, including facilitated migration of more southern genotypes, may

need to be considered.
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Tables and Figures

Table 4.1 Location, mean annual temperature (MAT, °C), slope (%), and aspect (degrees)
for the sixteen sugar maple transect sites.

Latitude (decimal MAT  Slope Aspect
Site degrees) (°C) (%) (Degrees)
SOSH - Southern Shanwnee 37.58 13.0 30 270
National Forest, Southern IL
NOSH - Northern Shawnee 37.68 13.0 45 90
National Forest, Southern IL
SOHO - Southern Hoosier 38.05 11.7 25 340
National Forest, Southern IN
NOHO - Northern Hoosier 38.37 11.7 25 95
National Forest, Southern IN
CEIL - Funk's Grove, Central 40.35 10.4 4 210
lllinois
NOIN - lllinois Nature 41.57 9.6 10 10

Preserves Commision,

Northern lllinois

NOIL - lllinois Nature 41.85 9.0 25 270
Preserves Commision,

Northern lllinois

OCNA - Manistee National 43.67 7.2 5 330
Forest, Central Lower Ml

WXLO - Manistee National 44.38 5.9 10 30
Forest, Central Lower Ml

CEWI - Big Eau Pleine Woods 44.73 4.3 5 25
State Natural Area, Central WI

PELL - Mackinaw Sate Forest, 45.55 5.9 10 10
Northern Lower Ml

NOWI - WI Department of 46.25 4.3 5 30
Natural Resources, Northern

WI

FORD - Michigan 46.63 3.9 5 270
Technoloigcal University,

Northern Ml

ALBT - Copper Country State 46.87 3.9 <2 n‘a
Forest, Northern MI

CANA - Turkey Lakes, Great 47.05 4.6 35 20
Lakes Forestry Centre,

Southern Ontario, Canada

TOFT - Superior National 47.68 2.3 10 120
Forest, Northern MN
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Table 4.1. Continued: Tree density (trees ha™!), total basal area (m? ha™!), sugar maple

basal area (%), and other species present for each of the sixteen transect sites.

Tree Sugar maple

density Total basal basal area
Site (trees ha™) area (m’ ha) (%) Other species present*
SOSH - Southern Shanwnee 541.7 15.5 71.9% ASTR, CACO, CAOV, FAGR, LITU,
National Forest, Southern IL OSVI, QURU
NOSH - Northern Shawnee 566.7 19.8 73.1% CACO, FAGR, JUNI, LITU, QUAL,
National Forest, Southern IL QURU, SAAL
SOHO - Southern Hoosier 566.7 18.6 84.0% CACO, FAGR, FRAM, LITU, OSVI,

National Forest, Southern IN PRSE, QUAL, QURU, SAAL, ULAM

NOHO - Northern Hoosier 516.7 26.0 93.2% CAOV, FAGR, QUAL, QUMO
National Forest, Southern IN

CEIL - Funk's Grove, Central 758.3 40.9 99.7% ULAM
lllinois
NOIN - lllinois Nature 791.7 24.5 91.6% gﬁCRg- JUNI, OSVI, PRSE, QUAL,

Preserves Commision,
Northern lllinois

NOIL - lllinois Nature 966.7 14.4 73.5% CACO, JUNI, OSVI, PRSE, QURU,
Preserves Commision, ULAM

Northern lllinois

OCNA - Manistee National 575.9 38.3 71.1% ACRU, FAGR, FRAM, OSVI, PRSE,

Forest, Central Lower Ml QURU, TSCA

WXLO - Manistee National 542.6 33.7 78.8% ACRU, FAGR, PRSE, QURU
Forest, Central Lower Ml

CEWI - Big Eau Pleine 583.3 37.6 84.6% BEAL, CACO, FRPE, OSM
Woods State Natural Area,

Central WI

PELL - Mackinaw Sate 529.6 33.7 88.8% ACRU, FAGR, FRAM, TIAM
Forest, Northern Lower Ml

NOWI - WI Department of 725.0 30.8 93.2% ABBA, BEPA, FRAM, OSVI, PICL,
Natural Resources, Northern TIAM

Wi

FORD - Michigan 963.0 21.7 89.3% BEAL, OSVI, TSCA, ULAM
Technoloigcal University,

Northern MI

ALBT - Copper Country 574.1 36.4 89.7% ACRU, ABBA, BEAL, OSM, PIGL,
State Forest, Northern Ml PRSE, TIAM

CANA - Turkey Lakes, Great 733.3 34.3 87.0% BEAL

Lakes Forestry Centre,

Southern Ontario, Canada

TOFT - Superior National 1066.7 29.1 74.2% ACRU, BEPA, POTR
Forest, Northern MN

*ABBA: Abies balsamea (L.) Mill., ACRU: Acer rubrum L., ASTR: Asimina triloba (L.) Dunal, BEAL: Betula alleghaniensis
Britton, BEPA: Betula papyrifera Marsh., CACO: Carya cordiformis (Wangenh.) K. Koch, CAOV: Carya ovata (Mill.) K.
Koch, FAGR: Fagus grandifolia Ehrh., FRAM: Fraxinus americana L, FRPE: Fraxinus pennsylvanica Marsh., JUNI:
Juglans nigra L., LITU: Liriodendron tulipifera L., OSVI: Ostrya viginiana (Mill.) K. Koch, PIGL: Picea glauca (Moench)
Voss, POTR: Populus tremuloides Michx., PRSE: Prunus serotina Ehrh., QUAL: Quercus alba L., QUMO: Quercus
montana Willd., QUAL: Quercus rubra L, SAAL: Sassafras albidum Nutt., TIAM: Tilia americana L., TSCA: Tsuga
canadensis(L.) Carr., ULAM: Umus americana L.
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Figure 4.1 Sugar maple transect site locations in the central portion of the United States
of America with four letter site location abbreviations (see Table 4.1). Open-source data
from ArcGISOnline.
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Figure 4.2 Relationships between ambient soil temperature at 0-10 cm and degrees of
latitude for the June, July, and September 2014 dates. Slopes are not significantly
different (P = 0.09) but intercepts were (P < 0.001).
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Table 4.2 Average soil ambient temperature and actual average reference measurement
temperature by site for the June, July, and September 2014 sample dates.

Latitude

{decimal June June July July September September
Site degrees) {ambient) {reference} {ambient) {reference} (ambient} (reference}
SOSH 3758 230 18.2 2041 1841 18.8 180
NOSH 3768 20 17.9 208 180 17.8 179
SOHO 38.05 221 184 192 180 18.9 180
NOHO 38.37 198 18.2 192 180 18.5 179
CEIL 40 .35 210 18.1 199 178 174 180
NOIN 41 57 190 18.0 181 1841 15.9 179
NOIL 4185 2041 17.9 179 180 149 180
OCNA 43 67 181 17.9 16.1 182 13.1 178
WXLO 44 38 169 18.1 141 178 10.9 179
CEwWl 4473 180 17.9 172 182 12.0 180
PELL 4555 159 17.9 138 178 10.9 183
NOWI 46 25 181 18.0 15.1 179 12.0 179
FORD 46 63 130 17.9 140 179 10.8 182
ALBT 46 87 179 18.2 142 180 91 1841
CANA 47 05 142 18.0 19 178 10.2 183
TOFT 47 68 139 17.8 16.1 1841 11.0 178
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Figure 4.3 Specific fine-root respiration at ambient soil temperature versus latitude for
the June (blue), July (orange), and September (grey) sample dates (top plate), and specific
fine-root respiration at ambient soil temperature across versus temperature (bottom plate).
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Table 4.3 Average fine-root respiration (nmol CO, g s™) and average soil temperature
(°C) across sites for June, July, and September 2015.

June July September

Site Root Soil Root Soil Root Soil
Location Respiration Temperature  Respiration Temperature  Respiration Temperature
SOSH 71 230 41 201 35 188
NOSH 6.6 220 3.5 208 20 178
SOHO 44 221 45 192 33 189
NOHO 4.9 198 40 192 26 185
CEIL 6.6 210 45 199 3.1 174
NOIN 76 190 48 181 29 159
NOIL 76 201 3.7 179 27 149
OCNA 54 181 3.7 16.1 40 131
WXLO 69 169 5.3 141 43 109
CEWI 72 180 60 17.2 45 120
PELL 6.1 159 45 138 40 109
NOWI| 3.3 181 3.3 151 32 120
FORD 3.8 130 46 140 27 108
ALBT 6.0 179 44 142 26 91
CANA 50 142 48 19 42 102
TOFT 57 139 6.1 16.1 4.5 110

Table 4.4 Repeated measures analysis of variance (ANOVA) results for specific fine-root
respiration at ambient soil temperature and a reference temperature of 18 °C.

df SumSq Mean Sq F value P-value

Fine-root respiration at Between
Ambient Temperature Site 15 142.4 95 6.01 <0.001
Residuals 80 1251 1.56

Within
Date 2 2917 145.86 116.84 <0.001
Site x Date 30 1351 4.5 3.61 <0.001

Residuals 160 199.7 1.25

Fine-root respiration at Between
Reference Temperature Site 15 918.6 61.24 311 <0.001
Residuals 80 157.5 1.97

Within
Date 2 14.51 7.26 414 0.018
Site xDate 30 11046 3.68 21 0.002

Residuals 160 280.26 1.72
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Figure 4.4 Average specific fine-root respiration at a reference temperature of 18 °C
versus latitude for the June (blue), July (orange), and September (grey) 2014 sample
dates (top plate), and average specific fine-root respiration at a reference temperature of
18 °C versus ambient soil temperature (bottom plate).
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Table 4.5 Average root biomass across sites for soil depths of 0-10 and 10-20 cm across
root diameters of <1, 1-2. 2-5, and >5 mm. Pearson’s correlation coefficient and
associated P-value for each average biomass with latitudes included.

Site Latitude (decimal Depth (0-10 cm)

degrees) <1 mm 1-2 mm 2-5mm >5mm
SOSH 37.58 1086.2 54.0 36.0 -
NOSH 37.68 79.8 26.4 20.7 36.2
SOHO 38.05 156.7 31.1 57.2 -
NOHO 38.37 159.6 52.5 395 -
CEIL 40.35 826 12.3 - -
NOIN 41.57 97.0 75 111 50.7
NOIL 41.85 120.8 32.2 18.3 -
OCNA 43.67 289.5 275 395 746
WXLO 44 38 237.3 17.4 40.9 -
CEWI 4473 166.6 38.7 236 -
PELL 4555 378.1 16.8 9.0 -
NOWI 46.25 461.6 46.5 48.0 30.5
FORD 46.63 393.2 49.0 17.9 78.1
ALBT 46.87 501.4 40.4 26.3 97.1
CANA 47.05 230.6 60.1 38.5 -
TOFT 47.68 436.4 29.4 34.1 -
Pearson's
Correlation 0.80 -0.01 -0.27 0.20
Coefficeint (R)
Linear correlation <0.001 0.97 0.33 0.71
P-value

Depth (10-20 cm)

SOSH 37.58 64.409793 23.36819 47.101375 -
NOSH 37.68 49.457717 11.365785 38.6216 182.931
SOHO 38.05 43.759546 61.667235 23.639814 -
NOHO 38.37 108.61243 82.336157 123.58912 108.149
CEIL 40.35 53.806254 25.303514 103.73507 -
NOIN 41.57 52.220647 46.795797 83.210448 177.71
NOIL 41.85 56.300955 70.528983 19.803119 -
OCNA 43.67 82.264856 25.736415 14.684696 -
WXLO 44 .38 91.565022 1.7485823 130.81263 -
CEWI 4473 63.010927 16.170142 70.028175 -
PELL 4555 81.925325 22.646687 40.794595 -
NOWI 46.25 261.43512 36.983365 49.690295 -
FORD 46.63 229.02269 45.819647 63.899649 169.791
ALBT 46.87 155.01267 71.581527 159.98679 218.751
CANA 47.05 71.97708 31.797036 55.012437 101.834
TOFT 47 .68 108.09464 30.167289 12.3674 -
Pearson's
Correlation 0.55 -0.10 -0.06 0.12
Coefficeint (R)
Linear correlation 0.03 0.70 0.81 0.82
P-value
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Figure 4.5 Average root biomass for the 0-10 cm soil depth versus latitude for root
diameters of <1, 1-2, 2-5 and >5 mm (top plate), with average root biomass versus mean
annual temperature at same depths and root diameters (bottom plate).
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Figure 4.6 Average root biomass for the 10-20 cm soil depth versus latitude for root
diameters of <1, 1-2, 2-5, >5 mm (top plate), and average root biomass versus mean
annual temperature for same depth and root diameters (bottom plate).
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Table 4.6 Three-way analysis of variance (ANOVA) for root biomass across site, sample
depth (0-10, 10-20 cm), and root diameter (<1, 1-2, 2-5, >5 mm).

df. SumSg MeanSq Fvalue P-value

Site 15 897104 59807 4.205 <0.001
Sample depth 1 44023 44023  3.095 0.079

Root diameter 3 2414806 804935 56.598 <0.001
Site x Sample depth 15 271004 18067  1.27 0.215

Site x Root diameter 45 1585096 35224 2477  <0.001
Sample depth x Root diameter 3 1052600 350867 24.671 <0.001
Site x Sample Depth x Root diameter 45 554966 12333  0.867 0.718

Residuals 640 9101990 14222

Table 4.7 Repeated measures ANOVA for ecosystem fine-root respiration at ambient
temperature as a product of specific fine-root respiration at ambient temperature and fine
root biomass.

d.f. Sum Sq Mean Sq F value P-value

Ecosystem Between
Respiration Site 15 107.98 7.2 7.347 <0.001

Residuals 80 78.39 0.98

Within
Date 2 12.57 6.29 50.37 <0.001
Site x Date 30 8.97 0.3 2.4 <0.001

Residuals 160 19.97 0.125

105



'y
£ 3 @
S :
g °* o
2\ e b
c '@ et
9 -
g B ey
a S I L
T N | w od "’ [
2 1 o .- 7 sl et e $
E .:‘.o' ..;-'.--..o' @
@ Y
2 LT
4 s & g o
3 0
ﬁ 36 38 40 42 44 46 48
Latitude (degrees)
4
%
£ 3 ®
g e *
= 2 ® "
£ 4
[=] .
.‘:;; ."- 5 ® " ..’ , .
a AT I ® .,
L °® .. o, e.0
£ o “ge .
) e ab® 2 ® O
3 0 °
w5 10 15 20 25

Ambient soil temperature (°C)

Figure 4.7 Average ecosystem fine-root respiration (umol CO2 m? s™) versus latitude for
the June (blue), July (orange), and September (grey) 2014 sample dates (top plate), and
average ecosystem fine-root respiration versus ambient soil temperature (bottom plate).
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Chapter 5: Conclusion

Throughout the four plus years of warming in the SMART experiment, surface
fine-root respiration was elevated, but not to the degree that would be predicted for a 4 to
5 °C increase in soil temperature. Instead, as described in Chapter 2, partial acclimation
of fine-root respiration occurred. An examination of potential causal mechanisms
suggested fine root respiration at the SMART experiment was constrained by adenylate
control. There was no evidence that the fine-roots were using their allocated amount of
carbohydrates from photosynthesis too quickly due to increased temperatures and thus
increased respiration (i.e. substrate limitation). If this had been the case we would have
observed decreased amounts of sugars (glucose, fructose, and galactose) in the fine-roots
from the heated treatments. Additionally, we did not observe evidence for a general
decrease in the amount of enzymes in the roots used to conduct respiration, as this would

be expected to result in lower root N concentrations, which did not occur.

We did observe clear evidence that the fine root respiration was constrained by
adenylate control. Use of a respiratory uncoupler resulted in increased respiration rates
for all treatments, with the greatest relative enhancement occurring for roots from
warmed soil. The uncoupler allows respiration to occur without creation of adenosine
triphosphate (ATP). This causes adenosine diphosphate (ADP) concentrations to remain
high, eliminating low ADP (or high ATP) concentrations as signaling mechanisms that
could slow respiration due to insufficient use of ATP (i.e. ATP exceeding that required

for cellular metabolism). Since the response was greatest for roots from warmed soils,
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this suggests ATP was not being fully utilized, and fine-root respiration was being down

regulated as a result.

We hypothesize that ATP was not being fully used in the fine roots from warmed
soil because there was not a large increase in nutrient acquisition that could take place.
Net N mineralization on the heated and non-heated treatments has been measured at this
location since 2010 and was initially greatly elevated on the heated treatments, but every
subsequent year decreased slightly. In 2013 when this part of the study was conducted
net N mineralization was only 28% greater on the heated treatments versus the non-
heated treatments. In addition, the annual production of N rich biomass (leaves and fine
roots) should have remained relatively unchanged on the warmed plots, thus plant
nutrient demand would not have increased as much as root potential metabolic capacity

did with warming.

Partial thermal acclimation of respiration occurred for the surface fine roots (<1
mm at 0-10 cm) throughout the duration of the SMART experiment, causing a 32%
increase in respiration with warming, which is far less than the 71% that might have been
predicted for a 4 to 5 °C soil temperature increase. Surface fine roots can account for as
much as half of ecosystem respiration, but the response of larger diameter and deeper
roots also needed to be investigated. In Chapter 3, we found evidence partial acclimation
was also occurring in the surface 1-2 mm roots. However, there was no apparent
acclimation of the large diameter surface roots (2-10 mm at 0-10 cm depth) or any roots
deeper in the soil (<1, 1-2, and 2-10 mm diameter at 10-30 cm or 30-50 cm depths). This
makes intuitive sense in that the smaller diameter roots (<1 mm, 1-2 mm) at the shallow
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soil depth (0-10 cm) are the most active portions of the soil in terms of nutrient
acquisition. This is where the highest amount of root respiration occurs comparatively to
other soil depths. The other diameter classes at the other depths are away from the
majority of nutrient acquisition and conduct most of the storage, transport and water
acquisition for the tree. A higher proportion of their respiration is associated with
maintenance respiration, and it is conceivable that the maintenance portion of respiration
would increase as temperature increases. Additionally, there was no adjustment of root
biomass of any root diameter or rooting depth class, which is confirmatory of Jarvi and

Burton (2013) for the SMART experiment.

When both specific root respiration and root biomass are combined into
ecosystem root respiration rates (umol CO> m s™!), it becomes apparent that although
there has been a reduction in shallow soil depth root respiration of smaller root diameters
(<1 and 1-2 mm), there is still 60% more ecosystem root respiration on the heated
treatments versus the non-heated treatments. This increased loss in C back to the
atmosphere cannot be used for additional respiration or other uses such as aboveground

biomass production.

As a complement to work conducted at the SMART experiment, where the soil of
sugar maple forests was experimentally warmed, Chapter 4describes a study conducted
using the temperature gradient existing across the entire native range of sugar maple.

The goal of this work was to determine how fine root respiration measured at sixteen
different locations across the region responded to temperature both within and across
sites. Given a 10 °C difference in mean annual temperature across the 16 sites, it was
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expected that there might be differences among populations in inherent respiration rates,
allowing southern, warmer populations to avoid excessive root system respiration that

would be in excess of that needed for root system work (i.e. nutrient acquisition).

Within each site, root respiration increased with temperature across sample dates,
but there were large inherent differences in metabolic capacity among the populations at
the sites, wherein specific fine-root respiration was actually higher at the cooler and more
northern sites when compared to the warmer more southern sites for two of three
sampling dates, despite soil temperatures nearly 10 °C cooler. Additionally, there was
greater fine-root biomass at the more northern and cooler sites when compared to the
southern sites. Ultimately, ecosystem level fine-root respiration at ambient temperature
was actually greater at the northern and cooler sites than the warmer southern sites for the
June, July and September sampling periods. This contrasts with what models might
predict across the temperature range studied. The differences among populations were
associated with lower metabolic capacity at the warmer sites, as fine-root respiration at a
common reference temperature of 18 °C and fine root N concentration were much lower

at the southern, warmer sites.

It is currently not known if sugar maple throughout the entire native range are
capable of the range of adjustments to temperatures as across the latitudinal transect sites,
indicating a plastic phenotypic response to climatic conditions. Our results also could
result from a genotypic response in which there are different temperature races within
sugar maple that are adapted to different climatic conditions. The former would indicate
that sugar maple may be able to adjust to predicted future climate warming and may only
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be at risk of decreased abundance in the southern extremes of its current native range.
However, if the latter is true and sugar maple populations at any given location are
adapted to their local climate, with only a limited ability to adjust, then this species is at
risk to adverse effects of climate change in terms of abundance and competitiveness
throughout its current range. The lack of changes in root N concentration or biomass
after four plus years of experimental warming in the SMART study suggests this may

indeed be the case.
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