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Abstract 

Climate change is shifting the potential suitable range of northern red oak 

(Quercus rubra L.) faster than it can migrate, creating an adaptation lag. Quercus rubra is 

prominent in eastern North American forests and important for its carbon sequestration, 

ecological roles, and economic significance. Our study addresses which populations of Q. 

rubra are best suited for climatic conditions at the northern and central range limits. Our 

findings can inform forestry management policies such as assisted migration, where 

species are transferred within their native range to mitigate the effects of climate change. 

We planted over 800 Q. rubra seedlings from twelve populations across the current Q. 

rubra geographic range in two common gardens, one at the northern range limit (Alberta, 

Michigan) and one in the central range (Kalamazoo, Michigan). We observed Q. 

rubra aboveground biomass growth, phenology (senescence, budburst), and frost damage 

for three years. We also measured photosynthetic capacity, stress response, 

photosynthetic temperature response and water use efficiency to understand the 

physiological limits of the populations and how they responded to the environmental 

conditions of the common garden.  

Southern seed source populations, those from warmer and wetter locations, 

showed greater growth increments in all years. However, southern seed sources generally 

had later phenological events which, coupled with their acquisitive growth strategy, 

resulted in them sustaining more frost damage than northern seed source populations. 

Northern seed sources, from colder and drier locations, had earlier budburst and were 

able to utilize early growing season snow melt and higher solar radiation. Northern seed 
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sources also senesced earlier, avoiding autumn frosts. While southern seed sources 

accumulated more aboveground biomass, it was a trade off with greater evidence of frost 

damage. Northern populations also seemed to have a more conservative, generalist 

strategy for physiology. Northern populations had higher leaf mass per area, foliar leaf 

nitrogen, and photosynthetic capacity. They also had a wider photosynthetic temperature 

range compared to southern seed sources. More extreme weather events are predicted 

with climate change, which favors the more conservative generalist strategy and greater 

frost tolerance of northern seed sources for assisted migration at the northern range limit. 
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Chapter 1. Introduction 

Introduction 

Increased temperatures, extreme weather events and decreased precipitation are 

changing the composition of forests in eastern North America (Anderson and Tomlinson 

1998, IPCC 2021). Populations that were once suited to a past environment may now be 

maladapted as the climate changes. The suitable climate for Quercus rubra L., a 

dominant eastern species, is shifting north and east faster than the species can migrate, 

causing an adaptation lag at the northern range limit (Anderson and Tomlinson 1998, 

Frelich and Reich 2010, Zhu et al. 2012, Sittaro et al. 2017). 

To address the inherent ability of different Q. rubra populations to cope with this 

problem, we created two common gardens with Q. rubra seedlings. Over 800 seedlings 

from 12 genetically diverse populations across the geographic range of Q. rubra were 

planted as seedlings at Kellogg Experimental Forest in Lower Peninsula Michigan, near 

the center of Q. rubra range, and at Ford Forest in Upper Peninsula Michigan, near the 

northern range limit. These sites’ mean annual temperatures differ by 5 °C, creating two 

distinct growth environments.  

 This body of work focuses on comparing growth, phenology (Chapter 2) and 

physiology (Chapter 3) of the Q. rubra seedlings across seed sources in the two common 

gardens. The strategies seed sources use help to determine which populations are best 

suited to common garden conditions. For example, there is a known tradeoff of cold 

tolerance and biomass accumulation (Aitken et al. 2008), and cold tolerance may be more 
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important for plant survival at a northern site. Phenology also determines which seed 

sources are best suited for a site. A longer growing season, established through earlier 

budburst and later senescence, puts plants at greater risk of frost damage (Howe et al. 

2003, Aitken et al. 2008). While a longer growing season allows more time for 

photosynthesis, it may also expose trees to harsh weather events in the shoulders of the 

growing season.  

Physiological capacity and thresholds are also important for determining which 

populations are best suited for a site. If plants are exposed to temperatures outside of their 

thermal range and optimum temperatures at a site, for example, there will be decreased 

carbon assimilation or the potential of harm to photosystems (Gunderson et al. 2010, Mau 

et al. 2018). Water use efficiency and drought resistance should also be considered, as 

extreme weather events are likely to become more frequent and intense (IPCC 2021). 

Drought resistance strategies often seen in dry seed source plants, such as low stomatal 

conductance during gas exchange and greater leaf mass per area, allow plants to conserve 

water (Kerr et al. 2015). 

The objectives of this study were to: (1) determine differences in growth, 

phenology, and physiology of Q. rubra seed sources from across a latitudinal climate 

gradient; and (2) determine which seed sources are best suited for the changing climate at 

the northern range limit of Q. rubra. 

This research will help us better predict how Q. rubra seedlings from seed sources 

across a latitudinal gradient will respond to climate change, which in turn will have 

significant impacts on the ecology and economy of eastern forests of North America, as 
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Q. rubra is a valuable source of timber and wildlife habitat. In addition, knowing which 

seed sources do well in which transplanted locations can be used for management 

decision-making. For example, forestry assisted migration is the practice of moving 

populations of a species within its native range to locations likely to be better suited 

under predicted climate change (Williams and Dumroese 2013, Park and Talbot 2018, 

Etterson et al. 2020). This study will add to a growing body of work determining if 

assisted migration is an appropriate strategy for Q. rubra, and if so, which seed sources 

are the best candidates for northern locations.  
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Chapter 2. Common garden study reveals frost-tolerant 

northern seed sources are best suited to expand range of 

Quercus rubra  

Introduction 

Northern red oak (Quercus rubra L.) is a prominent mid-successional tree in forests 

of eastern North America, valued for its ecological, economic, and cultural significance. 

It is a dominant canopy species, and its carbon sequestration is significant (Cavender-

Bares and Bazzaz 2000). While Q. rubra is less vulnerable to climate change than many 

co-occurring hardwoods, it comprises a significant amount of biomass, with oak-hickory 

forests constituting 34 % of forested land in the eastern U.S. (Oswalt 2014).  

Currently, Q. rubra distribution ranges from Quebec, Canada to Alabama and as 

far west as Oklahoma; however, this range is shifting with climate change. More extreme 

weather events, such as drought, frosts, and an increased mean annual temperature of 2 to 

8 °C in the next century, are pushing trees north (Anderson and Tomlinson 1998, IPCC 

2021). Quercus rubra is adapted to mesic sites, and the boundaries between mesic and 

xeric sites as well as the boundaries between prairie and forest are expected to shift 

northward as well (Anderson and Tomlinson 1998, Frelich and Reich 2010). 

Quercus rubra is moving northward slower than the warming climate, causing 

concern, especially at northern range limits (Zhu et al. 2012, Sittaro et al. 2017). From 

1970 to 2000, the northern range limit for Q. rubra adults and saplings shifted 0.036 and 
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0.531 km/yr-1, respectively, at the 95th percentile latitudinal distribution difference 

(Sittaro et al. 2017). However, to keep pace with climate change, Q. rubra will need to 

migrate hundreds of km northward, as climates have already shifted more than 100 km 

during the 1900s in the Northeast and Upper Midwest U.S. (Zhu et al. 2012). Climate 

change projections predict Q. rubra will decline to between 60-80 % of its original 

population size under low emissions and 29-47 % under high emissions in Connecticut, 

Massachusetts, and Rhode Island, where Q. rubra is one of the top three most prevalent 

tree species (Iverson et al. 2008). 

It is commonly believed that plants are adapted to their localized environments 

(Gunderson et al. 2012, Park and Talbot 2018). However, because Q. rubra’s 

environment is changing more quickly than it can migrate, Q. rubra is becoming 

maladapted to sites it used to be suited for (Park and Talbot 2018). One approach to 

combat climate change outpacing natural migration rates is forestry assisted migration, 

the practice of moving populations of a species to new areas in anticipation of how the 

species will be affected by climate change (Etterson et al. 2020).  

Our study emulated assisted migration within the current species range, referred 

to as ‘assisted population migration’ (Williams and Dumroese 2013, Park and Talbot 

2018). Assisted population migration is already practiced in Canada and widely studied 

(Park and Talbot 2018). Long term assisted migration studies in North America, such as 

the Assisted Migration Adaptation Trial funded by the British Columbia Ministry of 

Forests and the USDA, are being used to inform policy (Williams and Dumroese 2013). 

The US Forest Service plans to use assisted migration as a mitigation tool for climate 
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change (United States Forest Service 2008). However, foresters are reluctant to perform 

assisted migration without more evidence to determine if it is an appropriate strategy 

(Etterson et al. 2020). This study will join a growing body of work that experimentally 

simulates assisted migration in order to inform policy making (Etterson et al. 2020).  

Although southern seed sources generally accumulate more biomass than northern 

seed sources in common garden and assisted migration studies (Abdala-Roberts et al. 

2018, Etterson et al. 2020), other metrics such as phenology should also be considered 

when assessing which seed source is best suited for a site. For example, budburst is 

controlled by photoperiod, a minimum number of chilling days, and an accumulation of 

growing degree days (i.e., warm temperatures above a threshold), in long -lived late 

successional Quercus rubra and other Quercus species (Korner and Basler 2010, 

Gunderson et al. 2012). Senescence is controlled by photoperiod, temperature, and 

precipitation in deciduous tree species (Keenan and Richardson 2015). Because the 

mechanisms underpinning budburst and senescence are genetic, phenology can vary 

among geographically different seed sources, even when they are planted in the same 

location (e.g., in a common garden). Studying phenology across seed sources in a 

common garden environment allows us to determine the growing season length of seed 

sources and which is best suited for the site climate. For example, there is a known 

tradeoff between a longer growing season and risk of cold injury (Aitken et al. 2008).  

Growing seasons are lengthening in many temperate zones due to climate change, 

and budburst is occurring earlier in the spring, making plants more prone to frost damage 

(Gunderson et al. 2012, Williams and Dumroese 2013, Parmesan and Hanley 2015). 
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Woody plants already show budburst 18 days earlier than they did in the 1850s in 

Massachusetts (Polgar et al. 2014). If the climate warms 4 °C, the growing season could 

extend by 5-30 days at both ends of the growing season, as reported in an Oak Ridge, 

Tennessee study on four deciduous species, including Q. rubra (Gunderson et al. 2012). 

Arguably more important than a warming climate will be extreme weather events 

such as droughts and frosts, especially for seedlings (Zhu et al. 2012, Park and Talbot 

2018). Hard frosts and cold variability are a large determining factor in predicting species 

range limits (Park and Talbot 2018). Also, seedlings, which are most likely to be 

transplanted using assisted migration, are less tolerant of frosts than adult trees due to 

their small size and their meristems being in the layer of cold air just above the soil 

(Howe et al. 2003, Hofmann et al. 2014). Past common garden studies have found cold 

hardiness correlates with seed source temperature in P. menziesii and L. occidentalix 

(Aitken et al. 2008). Plants from colder seed sources have historically gone into 

dormancy earlier, at the expense of aboveground growth, but achieving more cold 

hardiness, across multiple deciduous and coniferous species (Howe et al. 2003, Aitken et 

al. 2008). 

We investigated the aboveground biomass and growth of Q. rubra seedlings from 

seed sources representing a latitudinal gradient of 10 degrees and a mean annual 

temperature (MAT) gradient of 10 °C in two common gardens in Michigan, U.S. for 

three years. The northern site, Ford common garden, is colder and drier, while the more 

southern site, Kellogg, is warmer and wetter. Additionally, in the more northern common 
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garden site, we measured phenology, including budburst, autumn senescence, leaf 

lifespan, and frost damage.  

Our hypotheses for this study were as follows: Hypothesis 1: growth will increase 

with seed source mean annual temperature and precipitation in the common garden sites. 

We predict growth will be larger for warmer seed source plants because cold tolerant 

plants will grow more slowly, a known trade off (Rehfeldt et al. 1999). Plants at Kellogg 

will have a greater biomass than those at Ford because Kellogg receives warmer 

temperatures and more precipitation, resulting in a longer growing season. Hypothesis 2: 

Plants from a warmer seed source will have later budburst and senescence times than 

those from cold seed sources, making them more prone to frost damage in autumn. 

Because budburst is primarily controlled by an accumulation of growing degree days and 

northern seed sources have a lower threshold of accumulated growing degree days 

required to force budbreak, we predict colder seed sources will show earlier budburst in 

the northern site (Gunderson et al. 2012). Northern plants will senesce earlier than 

southern plants because they have an earlier photoperiod cue to senesce. Southern plants 

will be more prone to frost damage because a later budburst date is generally correlated 

with being less resistant to frost (Korner et al. 2016).  Hypothesis 3: Leaf lifespan will be 

similar for all seed sources and warmer seed sources’ growing season will be shifted later 

than cold seed source plants. Leaf lifespan is longer for plants growing in warmer 

environments when they are in their native environments (Wright et al. 2004). However, 

when warm seed source plants are transplanted to a colder, northern location, it may take 

them longer to accumulate the heat sum necessary for budburst than colder seed source 

plants, thus potentially shortening their leaf lifespan. We expect this to be offset by a later 
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senescence in southern seed source plants due to their later photoperiod cue, which would 

shift their leaf lifespan later in the season.  

Methods 

Common gardens: site description 

The northern site, Ford Center common garden is located in Alberta, Baraga 

County, Michigan, USA (46.65°N, 88.48°W, 400 m elevation) near the northern range 

limit of Q. rubra. The mean annual temperature is 4.9 °C and mean annual precipitation 

is 879 mm, with 401 mm falling during the growing season months (Jarvi and Burton 

2013) (Table 1). The soil is a Kallio cobbly silt loam (coarse‐loamy, mixed, superactive, 

frigid Oxyaquic Fragiorthods) (Jarvi and Burton 2018). The southern site, the Kellogg 

Forest common garden, is located near the center of the Q. rubra range, near Augusta, 

Kalamazoo County, Michigan, USA (42.37°N, 85.35°W). It has an annual temperature of 

9.9 °C and precipitation of 1027 mm, with 523 mm falling during the growing season 

(Abraha et al. 2020) (Table 2.1). The soil is classified as Kalamazoo (fine-loamy, mixed, 

mesic Typic Hapludalf) (Crum and Collins 1995).  

Experimental design  

In fall 2018, over 1,000 Q. rubra acorns were collected from 4-6 mother trees at 

each of 12 locations, within the range Q. rubra (Figure 1, Table 2). The acorns were 

stratified at 4 °C after date of collection, ranging from September-November, until they 

were planted in 0.5 L pots on April 3-4, 2019 at the College of Forest Resources and 

Environmental Science at Michigan Technological University and placed in a 
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greenhouse. Conditions were maintained at 16 hours light, 8 hours dark with a daytime 

temperature of 23 °C and a nighttime temperature of 18 °C. Plants were watered by hand 

every 3 days.  

Quercus rubra seedlings were planted at the Kellogg common garden site on June 

10-12, 2019 and at the Ford common garden site on June 17-19, 2019. They were planted 

along with Quercus ellipsoidalis (northern pin oak) seedlings using an incomplete 

randomized block design. While part of the larger experiment, Q. ellipsoidalis seedlings 

were not assessed in this study.  

In each common garden, there are 27 blocks, arranged in a 3 x 9 block structure, 

with a buffer row of plants between each row of three blocks (Figure 2.2). Each block 

contains 30 plants in a 3 x 10 formation where 3 columns are spaced 1.5 m apart, and 10 

plants in each row are spaced 0.75 m apart (Figure 2.2). The buffer row has the same 

dimensions as a normal row. Each block represents, on average, one to two plants from 

each of 12 seed sources of Q. rubra, about 10 Q. rubra plants from seed sources not used 

in this analysis, and approximately 8 Q. ellipsoidales.  The common gardens are 

surrounded by 10-foot fences to prevent herbivory and were regularly weeded by hand 

and with a glyphosate herbicide to prevent overcrowding and shading in 2019 and 2020.  

Plants at the Ford common garden were watered by hand every 3 days from June 17th to 

July 14th, 2019, and every 7 days from July 15th to September 2019. In 2020, plants at 

Ford were watered every 7 days from June 15th to July 12th, every 10 days from July 13th 

to July 26th, and every 14 days from July 27th to August 23rd. Iron Chelate was applied at 

Ford on August 12, 2019 and June 13, 2020. Plants were neither watered nor fertilized in 
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2021. Twelve seed source populations, containing approximately 16 seedlings at each of 

54 blocks within the 2 sites, were used for growth and biomass measurements. In 2019, a 

total of 893 seedlings were assessed; in 2020, 850 were assessed due to mortality; and in 

2021, 421 were assessed due to a concurrent drought experiment (which was beyond the 

scope of this study). At the Ford common garden only, approximately 450 seedlings were 

measured for budburst, frost damage, and senescence. Only 178 plants were measured for 

senescence in 2021 due to the drought treatment.  

Environmental variables  

Environmental variables for the twelve seed source populations of Q. rubra were 

collected from Worldclim version 2.0 with a spatial resolution of 30 seconds (~1 km2) 

(Frick and Hijmans 2017) (Table 2.2). Two environmental variables were used: mean 

annual temperature (MAT; ℃) and rain over active growth months of May to September 

(rain; mm). Common garden weather information is from weather stations located in 

Alberta and Battle Creek (NOAA 2022). 

Growth measurements and Ford and Kellogg common gardens 

Growth measurements taken at both common gardens included plant height, 

projected crown diameter, and stem diameter. In 2019, all growth measurements were 

taken five times at the Ford common garden (July 15-17, July 30-Aug 1, Aug 14-17, Aug 

27-28, Sept 10-13) and once at the Kellogg common garden on August 19-20. In 2020, 

growth measurements were taken five times at Ford (June 15-19, June 29-July 3, July 13-

17, July 27-31, August 24-28) and once at Kellogg (August 11-13). In 2021, growth 
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measurements were taken three times at Ford (June 21-25, July 19-23, August 16-20) and 

two times at Kellogg (July 12-16, August 9-13). Height was measured from the base of 

the plant to the terminal bud using a meter stick to the nearest cm. Projected crown 

diameter was measured in two directions (East to West = crown diameter EW; and North 

to South = crown diameter NS) using a meter stick to the nearest cm. Stem diameter was 

measured at the root collar of the plant using calipers to the nearest hundredth mm. 

Biomass index was calculated as ((height + crown diameter EW + crown diameter NS)/3) 

* stem diameter. Growth index represents growth across a season. Growth index was 

calculated as the difference in biomass index from one year to the next, as measured at 

the end of each growing season.  

Frost damage and phenology at Ford common garden 

 Phenological measurements, including timing of budburst and senescence, as 

well as frost damage, were measured only at the Ford common garden for three years. 

Budburst was assessed weekly by visual observation from May 2nd through June 13th in 

2020 (May 2, 9, 16, 23, 30 and June 6, 13) and from May 3rd through May 31st in 2021 

(May 3, 10, 17, 24, 31). The progression of budburst was rated on a 6-stage scale where 0 

represented buds still enveloped by scales and 6 represented fully expanded leaves (Chi-

Wu 1962). The Julian date of budburst was noted when the plants progressed to a rating 

of 3, when buds were breaking, and leaves were just visible. Heat sum required for 

budburst at Ford in 2020 and 2021 was calculated using data from NOAA with a base 

temperature of 0 °C (NOAA 2022). The progression of senescence was assessed using a 

chlorophyll content meter, (CCM-220plus, Opti-Sciences, Hudson, NH, USA). 
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Chlorophyll measurements began in September and ended once leaves were either 

abscised or totally brown. In 2019, chlorophyll content was measured eight times, 

approximately weekly (September 16, 23, 30, October 7, 21, November 4, 11, 18). In 

2020, chlorophyll content was measured four times, approximately biweekly (September 

14, 28, October 12, 26). In 2021, chlorophyll content was measured eight times, weekly 

(September 17, 23, 30, October 7, 14, 21, 28, and November 7). The Julian dates of 

senescence in 2019, 2020, and 2021 were calculated based on date of the first chlorophyll 

reading that was 50% or less than the maximum chlorophyll reading.  Frost damage 

(present or absent) was assessed visually on September 21-25, 2020 at the Ford common 

garden. Plants with necrosis on newly developing leaves were considered damaged.  Leaf 

lifespan was calculated as the number of elapsed days between the Julian dates of 

budburst and senescence for 2020 and 2021.  

Statistical analyses 

Yearly biomass and growth index measurements were compared across common 

gardens and correlated with both seed source mean annual temperature (MAT) (℃) and 

rain over active growth months of May to September (mm) using analysis of covariance 

(ANCOVAs) in the package rstatix with site as a fixed factor (Kassambara 2020). The 

closest August measurement dates at Ford and Kellogg were used in these ANCOVAs.  

Budburst and senescence measurements from Ford only were compared to seed 

source environmental variables using regression (R 2020). The first budburst value of 3 

or higher was noted and the corresponding heat sum (with a base temperature of 0 °C) 



14 

was analyzed against seed source MAT and rain over growing season using regression (R 

2020). 

Regression was used to analyze the Julian date of senescence against seed source 

environmental variables. Frost damage was analyzed using a point biserial correlation in 

the R package graphics (R 2020).  Leaf lifespan was analyzed against seed source 

environmental variables using a regression. All data analyses were conducted using R 

statistical software version 4.0.3 (R 2020). 

Results 

Biomass and growth at Ford and Kellogg 

Biomass index and growth index were positively correlated with seed source 

mean annual temperature and rain over growing season in all three years. Biomass and 

growth indexes were greater at the more northern site, Ford, than the more southern site, 

Kellogg, in 2019 and 2020 (MAT Site and Rain Site p <0.001 in all years) (Figure 2.3 

and 2.4, Table 2.3). In 2021, growth index was greater at Kellogg than Ford (MAT Site 

and Rain Site p <0.001) and site was not a significant factor in 2021 biomass index 

(MAT Site p =0.680, Rain Site p =0.699) (Figure 2.3 and 2.4, Table 2.3). The mean 

height of the trees at Kellogg in 2021 was 63.6 cm, while trees averaged 49.0 cm at Ford. 

For the 2021 biomass index, there were significant interactions between MAT with site 

and rain with site (MAT*Site p =<0.001, Rain*Site p =<0.001) (Figure 2.3 and 2.4, Table 

2.3). These interaction effects represented biomass index increasing with MAT and rain 

at Kellogg, while biomass index was not correlated with MAT and rain at Ford.  
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Frost damage and phenology at Ford 

Southern seed source plants had a later date of budburst and greater frost damage 

than northern seed source plants, while senescence timing varied for seed sources from 

year to year. In both years, 2020 and 2021, the heat sum required for budburst was 

positively correlated with seed source MAT and rain, indicating warmer seed source 

plants had later budburst later in the spring than cooler seed source plants (all regressions 

p <0.001) (Figure 2.5, Table 2.4). The Julian date of senescence was positively correlated 

with MAT and rain in 2019 and 2021, where senescence occurred later in the season for 

warm seed source plants (all regressions p <0.001) (Figure 2.6, Table 2.4). In 2020, 

however, senescence was negatively correlated with seed source MAT and rain (all 

regressions p <0.001) (Figure 2.6, Table 2.4). It is important to note there are fewer 

senescence measurement dates in 2020. Frost damage was positively correlated with seed 

source MAT in fall 2020 (p =0.041) but not rain (p =0.149) indicating warmer, more 

southern seed source plants were more prone to frost damage (Figure 2.7, Table 2.4).  

Leaf lifespan’s correlation with seed source mean annual temperature and rain 

over growing season was negative in 2020 and positive in 2021. In 2020, leaf lifespan 

was negatively correlated with MAT and rain (all regressions p <0.001) (Figure 2.8, 

Table 2.5). Warmer seed source plants had a shorter leaf lifespan than colder seed source 

plants. Budburst occurred later for warm seed source plants, and senescence occurred 

earlier, causing them to have a shorter leaf lifespan than cold seed source plants. In 2021, 

leaf lifespan was positively correlated with seed source MAT (p =0.013) and rain (p 

=0.021) with warmer, wetter seed source plants having a longer leaf lifespan than colder, 



16 

drier seed source plants (Figure 2.78 Table 2.5).  Southern seed source plants had a later 

budburst and a later senescence, shifting and lengthening the growing season. 

Discussion 

Variation in growth across seed source climate at Ford and Kellogg 

We expected growth to increase with increasing seed source mean annual temperature 

and precipitation and that plants at the southern common garden would have greater 

growth (H1). While we did find higher growth for plants from warmer and wetter seed 

sources at both common gardens for all years, which site showed more growth was not 

consistent from year-to-year. Rather, plants at the northern site had greater growth in 

2019 and 2020, while plants at the southern site had greater growth in 2021.   

The trend in higher biomass and growth with warmer, wetter seed source may be 

due to different growth strategies of seed sources. Quercus rubra is considered 

acquisitive on the plant economic spectrum (Wright et al. 2004, Abdala-Roberts et al. 

2018). The plant economic spectrum spans from plants that are acquisitive and have a 

quick return on investment to plants that are conservative and have a slower return on 

investment in terms on leaf nutrient concentrations, gas exchange, leaf lifetimes, and leaf 

mass investments (Wright et al. 2004). However, how acquisitive populations of Q. rubra 

are likely varies based on seed source climate. Other common garden studies have shown 

wetter seed sources are more acquisitive than drier seed sources. In a study on 11 

Quercus species, those from wetter climates had lower leaf mass per area, higher leaf 

nitrogen, and less condensed tannins, indicating more acquisitive strategies than those 
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from drier climates (Abdala-Roberts et al. 2018). In an assisted migration study where Q. 

rubra from central and northcentral U.S. seed sources were planted at the northern range 

limit of Q. rubra, more southern seed source seedlings had higher survival rate, grew 

faster, and had a longer growing season than their northern counterparts (Etterson et al. 

2020). In another study, southern seed sources of Q. macrocarpa and Picea glauca had 

the largest height growth (Prud'homme et al. 2018, Etterson et al. 2020). These studies 

parallel our findings, where southern seed sources had a greater growth index.  

Warmer, wetter seed source plants may not allocate as much carbon to belowground 

biomass (Abdala-Roberts et al. 2018). Southern seed sources are not adapted to the harsh 

weather associated with the north, including early and late season frosts and summer 

droughts. Under drought conditions, seedlings often allocate more carbon to roots 

(Richter et al. 2012). Northern plants are adapted to less precipitation, so they may be 

allocating more carbon belowground.  

Colder seed sources also tend to have greater cold hardiness (Howe et al. 2003) and 

may have greater biotic defenses. In a common garden study, Q. petraea height declined 

with increasing altitude of seed source, and higher altitude was correlated with greater 

cold tolerance (Vitasse et al. 2009). This tradeoff of higher growth and biomass vs. 

investing in cold tolerance and defenses may be of consequence for Q. rubra because it is 

predicted that Q. rubra will be one of the northern tree species most affected by insects 

and pathogens under climate change (Rogers et al. 2017). Southern seed sources have 

been browsed more frequently than local seed sources, possibly due to the larger biomass 
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of transplanted seedlings in another provenance study on nine northeastern U.S. tree 

species including Q. rubra (Clark et al. 2022). 

Another explanation for greater biomass in southern seed source populations is that 

warmer, wetter seed source plants are adapted to a longer growing season and allocate 

carbon and nutrients belowground at the end of the growth season.  However, when these 

warmer, wetter seed source seedlings were planted in the center and northern range they 

were likely frost damaged before they were able to remobilize carbon and nutrients 

belowground. A later senescence puts plants at risk of being unable to remobilize carbon 

and nutrients belowground as reported in P. tremula (Keskitalo et al. 2005). This is 

further supported by southern plants in our study being more frost damaged than northern 

plants when measured in fall 2020. Frost damage was also greater for southern seed 

source plants at Ford in May 2021 as shown in Rauschendorfer et al. (2021).  

It is also important to note that juvenile growth may not predict which mature 

trees have greatest growth and survival. For example, another study also found Douglas-

Fir seedlings from warmer seed sources also grew larger in the first few years of planting, 

but once trees matured the local seed sources were better adapted to the site, based on 

survival (St Clair et al. 2020). We also do not know the belowground biomass and how 

that will affect future growth of the respective populations. Colder, drier populations 

likely invest more carbon in root systems than warmer, wetter populations. Other studies 

have found Douglas-fir seedlings from drier regions have a greater root to shoot ratio 

(Howe et al. 2003). Greater belowground biomass may aid in greater aboveground 

growth later. The conservative strategies of northern seed source populations appear to be 
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better suited to the northern range limit, which may make them better candidates for 

assisted population migration at the northern range limit, even though they have less 

aboveground biomass in their juvenile years. 

Difference between Ford and Kellogg common gardens  

Contrary to hypothesis 1, growth was greater at the more northern site, Ford, than 

the more southern site, Kellogg, in 2019 and 2020. However, in year 3, this trend 

changed, and growth was greater at Kellogg than Ford in 2021. We expected greater 

biomass and growth at Kellogg due to warmer temperatures and more precipitation 

(Table 2). However, Ford plants received supplemental water and fertilizer in the first 

two years after planting, while Kellogg plants did not. Kellogg plants were also sun 

damaged when planted at Kellogg, which may have stunted their growth. Another reason 

for higher biomass at Ford in the first two years could be because Ford seedlings were 

grown in an open area, while Kellogg seedlings received some shade from a natural 

forest on the edge of the plot. In an assisted migration study, planted Q. rubra seedlings 

had higher growth and survival when grown in open conditions compared to closed 

canopy forests (Clark et al. 2022).  

Growth at Kellogg outpacing that at Ford in 2021 is likely explained by a drought 

at Ford in summer 2021, where Ford received less than half the precipitation Kellogg did 

(Table 2.2). This is similar to a previous Q. rubra study, where intense heat waves 

coupled with lower soil moisture decreased biomass production (Bauweraerts et al. 

2013). Drought frequency and severity, as well as heat waves, and are also expected to 

increase with climate change, and the negative effects on biomass may be more intense 
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than a uniform increase in temperature (Bauweraerts et al. 2013, Park and Talbot 2018).  

This is important to note because Quercus is generally found to be anisohydric; it 

maintains photosynthesis even during drought, risking cavitation when soil water 

potential is low (Park and Talbot 2018). Decreased growth at Ford in 2021 and less 

significant growth differences between populations at Ford is also likely the result of a 

strong frost in May 2021 that damaged plants, especially southern seed sources, stunting 

their growth. Based on water use strategies and cold hardiness, the more conservative 

northern Q. rubra populations used in this study may be more suitable for assisted 

migration at the northern range limit. 

Budburst at Ford 

In support of hypothesis 2, warmer seed source plants had later budburst dates in 

all observed years. This trend has been observed in other Q. rubra studies where latitude 

was the primary controlling component on Q. rubra budburst (Gerst et al. 2017). In 

provenance studies, in general, northern seed source plants have an earlier date of 

budburst (Howe et al. 2003). Elevation, used as a proxy for latitude, also correlates with 

heat sum, where there is a lower heat sum requirement for higher elevation Fagus in 

provenance studies (Basler and Korner 2012). 

Earlier budburst may favor cold seed source plants because they can utilize early 

growing season conditions. This early season is considered a “luxury period” of moist 

soil, a more direct sun angle, and longer daylength, as opposed to the late fall when there 

are shorter days, less direct solar radiation, and potential declines in photosynthetic 

capacity (Gunderson et al. 2012). As such, having an earlier budburst, or extending the 
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growing season on the spring end, may have a stronger impact on carbon sequestration 

than extending the growing season on the autumn senescence end (Gunderson et al. 

2012).  

While northern plants have the advantage of an earlier budburst, which is 

correlated with increased growth for native plants, they also have an increased risk of 

springtime frost damage (Vitasse et al. 2009, Basler and Korner 2012, Korner et al. 2016, 

Iler et al. 2021). This is especially dangerous, as there is an increase in the frequency of 

frosts, extreme weather events, temperature variability, and new herbivores due to 

climate change (Augspurger 2013, Gerst et al. 2017, Iler et al. 2021). Earlier budburst 

may also expose the plant to reduced mobile soil nutrients (Iler et al. 2021). This may 

cause plants with earlier budburst dates to have a lower survival rate and less biomass 

than plants that have a later budburst (Augspurger 2013, Iler et al. 2021).  Our results 

suggest that while northern seed source plants had an earlier budburst which may have 

exposed them to more hazards, they also were hardier than southern seed source plants 

and more equipped to handle those hazards, making it a tradeoff that appears to favor the 

earlier budburst.  

While colder seed sources are often associated with earlier budburst, the 

mechanism that cues budburst in Q. rubra is not fully understood. The budburst signal 

may be a photoperiod cue or heat sum or a combination of factors.  One study found that 

for late successional species such as Quercus, photoperiod was the primary budburst 

signal (Basler and Korner 2012). Another study where Q. rubra seedlings were 

experimentally warmed found heat sum was the driving force, not photoperiod 
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(Gunderson et al. 2012). Which cue is more strongly favored is heritable and varies for 

different seed sources (Morgenstern 1996). For example, Quercus from a climate with 

extreme wind and varying spring temperatures, including late frosts, was found to have a 

stronger photoperiod response than other seed sources (Basler and Korner 2012). 

However, multiple studies agree that Quercus is in some way constrained by a 

photoperiod threshold, and the correlation between temperature and budburst is not linear 

(Korner and Basler 2010, Basler and Korner 2012). Using photoperiod as a cue is a more 

conservative strategy, while solely using heat sum as a cue for budburst is a common 

strategy for pioneer species and is risky due to unusual early warm periods followed by 

frosts (Basler and Korner 2012).  

The abilities of trees to extend their growing seasons in response to climate 

change is important for carbon cycling, however we have a weak understanding of the 

mechanisms controlling phenological events (Olsen 2010, Way 2011). Climate change 

models predict and have observed earlier budbursts (Polgar and Primack 2011, Keenan 

and Richardson 2015). Despite warming air temperatures, day length will stay the same. 

Species controlled, or partially controlled, by photoperiod cues or unmet winter chilling 

requirements will not be able to extend their growing season (Polgar and Primack 2011, 

Way 2011, Polgar et al. 2014). This means, assuming Q. rubra budburst is at least 

partially controlled by photoperiod, that it will take generations for Quercus populations 

to select for earlier photoperiod cues associated with an earlier spring due to climate 

change (Basler and Korner 2012). This implies that northern seed sources, which showed 

earlier budburst dates than southern seed sources due to a lower heat sum requirement, 

photoperiod, or both, may be better able to capitalize on the luxury growing period of 
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early spring at the northern range limit. Another consequence of their earlier budburst is 

the ability to sequester more carbon as northern ecosystems are taking up more CO2 

during early spring and summer (Barlow et al. 2015). 

Senescence at Ford 

Contrary to hypothesis 2, timing of senescence varied from year to year at the 

Ford common garden. Senescence occurred later for warmer, wetter seed sources than 

colder, drier seed sources in 2019 and 2021, as predicted. However, in 2020 colder, drier 

seed sources senesced later. Warmer seed sources suffered more frost damage than colder 

seed sources in autumn 2020 and spring 2021, as predicted.  

Northern seed source plants senesced earlier in 2019 and 2021, perhaps due to a 

longer photoperiod cue (Park and Talbot 2018). This reflects adaptation to their local 

seed source environment where temperatures are colder earlier in autumn compared to 

more southern regions. Conversely, southern seed source plants have a shorter 

photoperiod cue to senesce (senesce later in autumn) because they are adapted to warmer 

autumn temperatures which slow chlorophyll degradation (Way 2011). When southern 

seed source plants are transplanted north, a later senescence may not only cause frost 

damage, as we found, but can also put the plant at risk of not fully remobilizing nutrients 

(Keskitalo et al. 2005). In 2020, southern seed sources senesced earlier than northern seed 

sources. This may have been in response to a strong frost, measured as -1.7 °C,  on 

September, 18 2020 (NOAA 2022). It may also be because senescence measurements 

were less frequent in autumn 2020, creating a less robust data set.  
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An earlier senescence decreases the risk of frost damage for plants in the northern 

range of Q. rubra (Park and Talbot 2018). These northern plants do not have to “cold 

acclimate” because they are already genetically suited for the climate, whereas warmer 

plants need to cold acclimate when transplanted north. Cold acclimation refers to 

morphological and physiological changes a plant undergoes to ready a plant for cold 

exposure (Ramírez-Valiente 2017). Lack of cold acclimation can be shown in lower 

photosynthetic capacity and lower photosystem II efficiency (Ramírez-Valiente 2017). 

The higher amount of frost damage on warmer seed source plants indicates they were not 

as cold adapted as colder seed source plants.  

Leaf lifespan at Ford 

We did not find evidence to support hypothesis 3, that leaf lifespan would be similar 

for all seed sources, with warmer seed sources having a leaf lifespan that is shifted later 

than cold seed source plants when planted in the northern common garden at Ford. 

Instead, in 2020 northern seed source plants had a longer leaf lifespan, while in 2021 

warmer seed source plants had a longer leaf lifespan. Southern seed source plants had 

later budburst in both 2020 and 2021, as expected. However, in 2020 southern seed 

source plants unexpectedly senesced earlier than northern seed source plants, causing 

northern seed source plants to have a longer leaf lifespan, extending the growing season 

further into the fall. The early senescence of southern seed source plants was likely due to 

fall 2020 frosts. In 2021, southern seed source plants had a later and longer leaf lifespan, 

both budburst and senescence occurred later than northern seed source plants, as 

predicted. 
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Generally, leaf lifespan is shorter for plants from colder environments (Wright et al. 

2004).  This, however, is not true for plants transplanted into a common garden outside of 

their localized environment. When southern seed sources are transplanted to a colder 

location, it will take longer for them to accumulate the heat sum required for budburst 

and they will have a later budburst than in their local environment, shortening their leaf 

lifespan.  If conditions allow, southern seed sources will also senesce later due to their 

later photoperiod cue, and their leaf lifespan will be shifted with later phenological 

events. This is the trend we saw in 2021. However, site conditions do not always allow 

southern seed source plants to have later phenological events. In 2020, an early frost 

stopped their growing season.  

While the two years had differing leaf lifespan results, they both support the theory 

that leaf lifespan will vary based on how well adapted the seedlings are to site conditions. 

Northern seed source plants that are adapted to the climate had a consistent leaf lifespan. 

Southern seed source plants had more variable leaf lifespans due to not being adapted to 

the harsh weather at the northern range limit. This harsh weather that frost damaged 

southern seed source plants in 2020 is also predicted to increase with climate change 

(Anderson and Tomlinson 1998). Southern seed source populations will continue 

experiencing cold damage and abrupt endings to their leaf lifespans unless they acclimate 

to northern sites or climatic conditions change enough that they are the better suited. 

While climate change may increase leaf lifespan for plants adapted to a site, there are 

other limitations on leaf lifespan that minimize the effect climate change will have. 

Climate change is causing warming temperatures that are extending the growing season 
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through earlier budburst and later senescence (Gunderson et al. 2012). Even though 

longer growing seasons are predicted with warming climate, there may be other 

physiological limitations due to drought or increased evapotranspiration (Gunderson et al. 

2012). Additionally, senescence and budburst are correlated in the eastern US, where a 

one-day earlier budburst is correlated with a 0.6 day earlier autumn senescence (Keenan 

and Richardson 2015). It is unknown why these phenological events are correlated. The 

mechanism could be indirect and related to soil water availability. For example, an earlier 

budburst may mean less water available at the end of the season and an earlier 

senescence, however, this depends on drought and its severity (Keenan and Richardson 

2015). Other indirect mechanisms could be related to increased pest outbreaks or 

increased risk of frost damage with earlier budburst (Keenan and Richardson 2015). The 

correlation could also be due to a direct mechanism related to constraints on leaf lifespan 

such as programmed cell death (Lam 2004). Regardless of the mechanism, the positive 

correlation between dates of budburst and senescence (earlier budburst is correlated with 

earlier senescence) could minimize the impact of climate change on leaf lifespan.  

Conclusion 

Although warmer, wetter seed source plants had greater biomass and growth, they 

were also less equipped to deal with the harsh weather of a northern climate and were 

more prone to frost damage. Cold seed source plants accumulated less aboveground 

biomass in the first three years of growth but were better able to withstand environmental 

conditions in both the central range and at the northern range limit of Q. rubra due to 

their conservative growth strategy. Colder seed sources may be better suited for assisted 
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migration at this time because they can capitalize on early season snow melt and 

daylength and are not as prone to autumn frost damage. Local acclimation may not 

become apparent until Q. rubra are mature. By that time, colder seed sources, which are 

better adapted, may have higher survival and growth.  
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Tables 
Table 1.1 Ford and Kellogg common garden average temperatures 
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Table 2.2 Seed sources and environmental variables of Quercus rubra seedlings  
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Table 3.3 Two-way ANCOVA p-value results for biomass index and growth index 
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Table 4.4 Regression p-value results for senescence, budburst, and f 
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Table 5.5 Regression p-value results for leaf lifespan 

Table 2.5 Regression results and degrees of freedom for leaf lifespan at Ford and seed 

source climate variables of mean annual temperature (MAT) and rain over growing 

season (Rain) for 2020 and 2021.  

Source Leaf lifespan 2020 Leaf lifespan 2021 
 DF P DF P 
MAT 251 <0.001 175 0.013 
Rain 251 <0.001 175 0.021 
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Figures 

 

Figure 2.1 Map of Quercus rubra seed sources, four cold (blue), four intermediate 

(yellow), and four warm (red), Ford and Kellogg common gardens are represented with 

white stars. 
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Figure 2.2 Common garden design where each letter is a block with 30 plants in 3 

columns x 10 rows followed by a row of buffer plants. In the enlarged figure of block C, 

Qe denotes Q. ellipsoidalis and Qr denotes Q. rubra. Colored plants are Qr plants used in 

the study. Red plants are from warm seed source sites, yellow plants are from 

intermediate seed source sites, and blue plants are from cold seed source sites.  
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Figure 2.3 Interaction plots of growth index (biomass accumulated over a growing 

season) with seed source mean annual temperature and rain over growing season for 

2019, 2020, and 2021 growing season, Kellogg depicted by dashed line and black 

triangles, Ford depicted by solid line and gray circles, shading =+/- 1 SE.  
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Figure 2.4 Interaction plots of biomass index with seed source mean annual temperature 

and rain over growing season for 2019, 2020 and 2021 season, Kellogg depicted by 

dashed line and black triangles, Ford depicted by solid line and gray circles, shading =+/- 

1 SE. 
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Figure 2.5 Regression plots of heat sum required for budburst with seed source mean 

annual temperature and rain over growing season for 2020 and 2021 season at Ford, 

shading =+/- 1 SE. 
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Figure 2.6 Regression plots of Julian date of senescence with seed source mean annual 

temperature and rain over growing season for 2019, 2020 and 2021 season at Ford, 

shading =+/- 1 SE. 
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Figure 2.7 Regression plots of frost damage in September 2020 with seed source mean 

annual temperature (a) and rain over growing season (b) at Ford, dark center line is 

median, shaded area represents upper and lower quartile, whiskers represent minimum 

and maximum. 

* p-value=0.041 
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Figure 2.8 Regression plots of leaf lifespan with seed source mean annual temperature 

and rain over growing season for 2020 and 2021 season at Ford, shading =+/- 1 SE. 
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Chapter 3. Northern populations of Quercus rubra are best 

suited for expanding range due to wider photosynthetic 

thermal niche and greater stress tolerance 

Introduction 

Climate change is affecting forests of the eastern North America, changing 

environmental conditions and therefore species potential ranges and realized niches. The 

two principle drivers of species distribution are means and extremes of both temperature 

and precipitation (Korner et al. 2016). Climate change observations and models predict 

increased temperatures of 2 to 8 °C this century in eastern North American forests, with 

very large increases in mean temperature in the winter (Anderson and Tomlinson 1998, 

IPCC 2021). There will also be increased mean and extreme precipitation and  more 

extreme weather events (IPCC 2021). 

This is concerning for northern red oak (Quercus rubra L.), a common tree 

species that comprises a large amount of the biomass in forests of eastern North America 

(Rogers et al. 2017). In Connecticut, Massachusetts, and Rhode Island, Q. rubra is one of 

the top three most prevalent species (Iverson et al. 2008). Quercus rubra provides habitat 

for mammals, birds, rare species of insects, and other wildlife (Nagel 2015). It also 

provides ecosystem services such as soil stabilization, windbreak, and can serve as a fire-

resistant shelterbelt species (Nagel 2015). Quercus rubra is considered a versatile and 

valuable coarse-grained wood (Nicolescu et al. 2020). Not only is Q. rubra ecologically 

and economically important, but it is also culturally important to North America (Leroy 
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et al. 2020). Oaks have been used as a symbol of strength and longevity in cultures, 

religions, and politics for centuries (Leroy et al. 2020). 

However, Q. rubra is one of many tree species that have not been able to migrate 

quickly enough to keep pace with climate change, causing adaptation lags (Frelich and 

Reich 2010, Duveneck et al. 2014). The edge of the northern range limit, specifically the 

95th percentile latitudinal distribution difference, of Q. rubra adults and saplings has 

shifted north at a rate of 0.036 and 0.531 km/yr-1, respectively, from 1970-2000 (Sittaro 

et al. 2017). Climates have already shifted over 100 km northward, causing a gap at the 

northern range limit where Q. rubra is not migrating northward fast enough (Zhu et al. 

2012). One way to mitigate adaptation lags is to assist tree populations through human-

facilitated migration in a process called assisted migration. Assisted population migration 

is the practice of moving source populations of a species within its native range in 

anticipation of where future suitable climate will exist (Etterson et al. 2020). This is 

practiced in Canada and studied across the world (Park and Talbot 2018). Long term 

studies on assisted migration are being performed in North America, such as the Assisted 

Migration Adaptation Trial funded by the British Columbia Ministry of Forests and the 

United States Department of Agriculture (Williams and Dumroese 2013). These 

investigations will help inform the US Forest Service as they plan to use assisted 

migration as a mitigation tool for climate change (United States Forest Service 2008). 

Currently, Q. rubra is occupying climates that expose it to temperatures outside of 

its thermal optima, which may decrease carbon assimilation or potentially cause local 

extinctions (Gunderson et al. 2010). Eastern North American forest canopies may already 
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have declines in carbon assimilation due to high temperatures. In one study, under current 

climate conditions both temperate and tropical canopy leaves saw maximum temperatures 

higher than their optimum temperatures, decreasing photosynthesis and potentially 

damaging photosystems (Mau et al. 2018). By 2100, many temperate deciduous forest 

canopies of North America may see temperatures above their thermal optima, leading to 

overall decreased carbon sequestration (Mau et al. 2018). 

To understand which populations of Q. rubra are best suited for the changing 

climate and potentially human mitigated northward expansion (i.e., assisted migration), 

we created two common garden sites. The Kellogg common garden, located in Lower 

Michigan, represents the central range of Q. rubra and has a mean annual temperature 

(MAT) of 9.9 °C (Jarvi and Burton 2013) (Figure 3.1). The Ford common garden, located 

in the Upper Peninsula of Michigan, is near the northern range limit for Q. rubra and has 

a MAT of 4.9 °C  (Abraha et al. 2020) (Figure 3.1). The gardens house over 800 Q. rubra 

seedlings from 12 seed source populations representing their natural geographic range 

(Figure 3.1, Table 3.1). Common gardens allow us to observe if transplanted seedlings 

are acclimating to local environmental conditions. Within our common gardens, we 

monitored Q. rubra photosynthetic capacity, stress response, photosynthetic temperature 

response, and water use efficiency for three years to understand the physiological limits 

of the populations and how they responded to the environmental conditions of the 

common garden. 

The response of net photosynthesis to increasing measurement temperatures is 

parabolic, where temperature at the highest rate of photosynthesis (Aopt) is called Topt 
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(Yamori et al. 2010, Yamori et al. 2014). A parameter describing the width of the curve, 

Ω, defines the photosynthetic range of the plant or the photosynthetic thermal breadth 

(Berry and Bjorkman 1980, June et al. 2004, Yamori et al. 2014, Perez et al. 2021). 

Plants from southern seed sources are adapted to a warmer climate and may have a higher 

Topt. However, they may have a lower assimilation at Topt because they evolved in an area 

with a longer growing season, providing a longer window to gain carbon. Photosynthetic 

thermal breadth may be greatest for plants from northern seed sources because of their 

conservative, generalist strategy which results from fluctuating temperatures (Perez et al. 

2021).  

A plant’s photosynthetic stress tolerance may be estimated using a measurement 

of chlorophyll fluorescence. The ratio of variable chlorophyll fluorescence : maximum 

fluorescence (Fv/Fm), or the “optimal quantum efficiency” of a plant indicates how 

photosystem II (PSII) is functioning (Ritchie 2006). It is a useful indicator of stress 

because PSII is the most stress-sensitive component involved in photosynthesis (Havaux 

1996, Marias et al. 2017). A high Fv/Fm value, typically a maximum value of ~0.8, 

indicates a high PSII stress tolerance (Ritchie 2006). In our study, this measurement was 

taken during periods of stress for the plants, such as drought, to see which populations 

were more stressed by suboptimal conditions. Northern seed sources have a generalist 

strategy suited to their harsh native environment with fluctuating temperatures, so PSII 

may be less sensitive to drought and heat stress (Perez et al. 2021). 

Gas exchange parameters and stable isotopes of carbon in Q. rubra leaves can be 

used to estimate water use efficiency (WUE) of the plants, or the ratio of carbon gained 
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to water lost via stomata. Instantaneous WUE can be quantified as assimilation/stomatal 

conductance (A/gs) using an infrared gas analyzer (Farquhar et al. 1982). The stable 

isotope of carbon, 3C, is a more integrated estimate of WUE over the lifetime of the 

leaf. Values of foliar δ13C are assumed to be positively correlated with WUE because 

the enzyme rubisco discriminates against heavier 13CO2, preferring 12CO2 (Farquhar et al. 

1982, Verlinden et al. 2015). 13C enrichment occurs when the stomata are closed, and less 

CO2 is available, where a higher or less negative value of δ13C represents greater WUE. 

Quercus rubra from northern seed sources may have greater WUE because they are 

better adapted to less growing season precipitation. 

Our overarching hypothesis for this study is that plants from northern seed 

sources grown in common garden sites will be more physiologically tolerant of heat and 

water stress compared to plants from more southern seed sources, making them be better 

suited to the climate at the northern range limit. Specifically, we expect: (1) Q. rubra 

from northern seed sources will have greater photosynthetic capacity compared to 

southern seed source plants when grown at a common garden site, due to the shorter 

growing seasons of seed source climates. (2) Quercus rubra from northern seed sources 

will be less vulnerable to stress as measured by Fv/Fm, have higher overall photosystem 

functioning, whereas all seed sources will be more vulnerable to stress, at the northern 

common garden compared to the southern site. (3) Quercus rubra from southern seed 

sources will have narrower photosynthetic temperature ranges with higher optimum 

temperatures, and growth environment will not affect temperature response. Finally, we 

hypothesize that (4) Quercus rubra from northern seed sources will have greater water 

use efficiency.  
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Methods 
Site description 

The northern common garden site, Ford Center, is in Alberta, Baraga County, 

Michigan, USA (46.65 °N, 88.48 °W, 400 m elevation). The mean annual temperature at 

Ford common garden is 4.9 °C and it receives 879 mm of mean annual precipitation, with 

401 mm of this precipitation falling during the growing season months (Jarvi and Burton 

2013). The soil is classified as Kallio cobbly silt loam (coarse‐loamy, mixed, superactive, 

frigid Oxyaquic Fragiorthods) (Jarvi and Burton 2018). The central range site, Kellogg 

Forest, is in Augusta, Kalamazoo County, Michigan, USA (42.37 °N, 85.35 °W). This 

site receives 1027 mm of precipitation annually, with 523 mm falling during the growing 

season (Abraha et al. 2020). The mean annual temperature at Kellogg is 9.9 °C (Abraha 

et al. 2020), and the soil type is Kalamazoo (fine-loamy, mixed, mesic Typic Hapludalf) 

(Crum and Collins 1995).  

Experimental design 

Over 800 acorns from 4-6 mother trees at 12 locations across the range of Q. 

rubra range were collected in autumn 2018 (Figure 3.1, Table 3.1). Acorns were 

collected from September - November 2018 and stratified at 4 °C in the greenhouse at the 

College of Forest Resources and Environmental Science at Michigan Technological 

University from collection date until they were planted in 0.5 L pots on April 3-4, 2019. 

Greenhouse conditions were maintained at 16 hours light, 8 hours dark. The daytime 

temperature was 23 °C and nighttime temperature was 18 °C. Plants were watered by 

hand every 3 days. Q. rubra seedlings were planted at the Kellogg site on June 10-12, 
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2019 and at the Ford site on June 17-19, 2019. Seedlings were planted along with Q. 

ellipsoidalis and other Q. rubra not used in this study in an incomplete randomized block 

design (Figure 3.2, Table 3.1).  

There are 27 blocks at each common garden, arranged in a 3 x 9 block structure, 

with a buffer row of plants between each row of three blocks (Figure 3.2). Within each 

block there are 30 plants in a 3 x 10 formation with 3 columns spaced 1.5 m apart and 10 

plants in each row which are spaced 0.75 m apart (Figure 3.2). The buffer row has the 

same dimensions. Each block contains one to two plants from each of 12 seed sources of 

Q. rubra used in this study, about 10 Q. rubra plants from seed sources not used in this 

analysis, and approximately 8 Q. ellipsoidales. The common gardens are both protected 

from herbivory by 10-foot fences and were sprayed with a glyphosate herbicide and 

regularly weeded by hand to prevent overcrowding and shading in 2019 and 2020. Plants 

were watered by hand at the Ford site every 3 days from June 17th to July 14th, 2019, and 

every 7 days from July 15th to September 2019. From June 15th to July 12th 2020 plants at 

the Ford site were watered every 7 days, from July 13th to July 26th they were watered 

every 10 days and from July 27th to August 23rd every 14 days. Iron Chelate was applied 

at the Ford site on August 12, 2019 and June 13, 2020. In 2021, plants were neither 

watered nor fertilized. 

In 2019, there were 893 seedlings total in the two common gardens. In 2020 there 

were 850 due to mortality, and in 2021, only 421 were available for this study, with the 

remainder surviving seedlings assigned to a concurrent drought experiment. 

Photosynthetic capacity, A/gs, and stress response were measured on all 12 Q. rubra 
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populations while foliar N, photosynthetic temperature response, and 13C were measured 

on a subset of populations, called the core populations (Table 3.1). The core populations 

included 6 populations of seedlings at both common gardens that represented two 

populations from cold seed sources (MAT < 5°C), two populations from intermediate 

seed sources (MAT 5-10°C), and two populations from warm seed sources (MAT >10°C) 

(Table 3.1).  

Photosynthetic capacity  

Photosynthetic capacity (Amax) was measured twice per year for two years at the 

Ford common garden (July 10-12 and August 6-8, 2019; June 29-July 2 and July 27-30, 

2020) and once in 2021 (August 16-20). At the Kellogg common garden, Amax was 

measured once per year for three years (August 19-20, 2019, August 12-13, 2020, and 

August 9-13, 2021). A LI-COR 6400 (LI-COR, Inc, Lincoln, NE) was used for 2019 

measurements and June 29-July 2, 2020 measurements and a LI-COR 6800 (LI-COR, 

Inc, Lincoln, NE) was used for the July 27-30, 2020, August 12-13, 2020, and all 2021 

measurements. Measurements were taken on non-water stressed plants, based on visual 

observation and stomatal conductance, from approximately 9:00 to 16:00. Chamber 

settings were maintained at 400 ppm CO2 with a flow rate of 400 µmolm-2s-1 and block 

temperature of 25°C. Optimum photosynthetic photon flux density was determined by 

preliminary light response curves to be 800 µmol m-2 s-1 (data not shown). Vapor pressure 

deficit was maintained between 1-2 kPa when possible, and did not exceed 3 kPa. The 

healthiest fully developed terminal leaf was used for Amax measurements. A subset of 

randomly selected plants representing all seed sources were used for Amax measurements 
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at Ford and Kellogg common garden in all years. In 2019, 212 were used, in 2020, 147 

were used and in 2021, 155 were used. Approximately half of the measured plants were 

at Ford and approximately half were at Kellogg each year.  

Leaf mass per area (LMA) and foliar nitrogen concentration were measured 

differently in 2020 and 2021. On September 21-25, 2020, the healthiest fully developed 

terminal leaf was collected from each plant in the core population at the Ford common 

garden, totaling 270 leaves. Leaf surface area was measured by laying leaves flat and 

using the app Leafscan (Anderson and Rosas-Anderson 2017). The leaves were kept on 

ice until later in the day when they were frozen in liquid nitrogen and stored in a -80°C 

freezer. Leaves were freeze dried with the VirTis Advantage EL-85 Freezer Dryer for 48 

hours (SP Scientific, Stone Ridge, NY), and dry weight was measured using a balance to 

+/- 0.0000 g. LMA was calculated as dry mass (g) divided by leaf area (m2). For N 

analysis, after freeze drying, the samples were stored in sealed 15 ml falcon tubes to 

ensure they did not gain more water. They were ground into a fine powder using a mixer 

mill (Retsch MM400, Verder Scientific, Haan, Germany) and weighed (3.00 mg +/- 0.5 

mg) into tin capsules for elemental concentration of N using a PDZ Europa ANCA-GSL 

elemental analyzer (University of California Davis Stable Isotope Facility). Nitrogen per 

unit mass (Nmass) was calculated as (total N (mg)/sample mass (g)), and N per unit leaf 

area (Narea) was calculated as ((LMA (g/m2)) * (Nmass (mg/g))). 

In 2021, after gas exchange measurements (Amax and temperature curve) were 

completed, the leaf used for gas exchange was cut at the base of the petiole and put in 

plastic bag inside a cooler. There were 255 leaves total. Each night, fresh weight was 
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measured to the nearest 0.00 g using a precision balance. Leaf area was measured by 

taking a photograph of leaves on graph paper next to a ruler with a plastic sheet to flatten 

the leaves. Leaf area was analyzed using imageJ v1.50 image analysis software (Rasband 

1998-2018). Each leaf was put in a brown paper bag and dried in an oven at 60°C for 48-

72 hours. The dried leaf samples were used for calculating LMA as (dry mass (g)/area 

(m2)). In 2021, leaf nitrogen was measured on the 38 leaves used for temperature curves 

plus 6 leaves that did not meet quality standards for temperature curves, totaling 44 

leaves. The dried leaves were turned into a fine powder using a mixer mill (Retsch 

MM400, Verder Scientific, Haan, Germany) and weighed (4.000 mg +/- 0.500 mg) for 

leaf N analysis using a combustion analyzer (ECS 4010, Costech Analytical 

Technologies Inc., Valencia, CA, USA).  Nmass was calculated as (total N (mg)/sample 

mass (g)). Narea was calculated as ((LMA (g/m2)) * (Nmass (mg/g))). 

Stress response 

Maximum quantum yield of Photosystem II (Fv/Fm) was assessed by measuring 

chlorophyll fluorescence of dark-adapted leaves between the hours of 2:00 and 5:00 am. 

Fv/Fm was measured once per year at Ford (August 9, 2019, July 31, 2020, August 4, 

2021) and once only at Kellogg (August 21-22, 2019). Fv/Fm was measured using a 

handheld portable fluorometer (FluorPen FP Max, Photo Systems Instruments, Drasov, 

Czech Republic). The healthiest fully developed terminal leaf was used for Fv/Fm 

measurements. In 2019, all seedlings at both common gardens, totaling 865 were used for 

Fv/Fm measurements. In 2020, all seedlings at Ford, 453, were used in Fv/Fm 
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measurements. While in 2021, 227 seedlings at Ford were used in Fv/Fm measurements 

due to a concurrent drought experiment.  

Photosynthetic temperature response curves 

Photosynthetic temperature response curves were measured once at Kellogg and 

once at Ford in 2021 (July 13-16 and July 19-22, 2021) using a LI-COR 6800 (LI-COR, 

Inc, Lincoln, NE). Measurements were taken on non-water stressed plants from 

approximately 6:00 to 20:00, when temperature was conducive (i.e., not more than 10 °C 

below minimum set point or above maximum set point of temperature curve). Chamber 

settings were the same for Amax measurements. Temperature settings were 17, 20, 24, 27, 

30, 33, 35, 37 °C with approximately 6 minutes at each temperature or until stabilization 

was reached based on H2O, CO2, and assimilation slopes of 0.30. Temperature response 

curves were measured on 3-4 randomly selected plants within the 6 core populations at 

each site. There were 38 total plants measured at the sites in 2021. The healthiest fully 

developed terminal leaf was used for measurements.  

Parameters were extracted using the equation of June et al. (2004):  

                          Equation 1 

Where Anet is net assimilation and Aopt is the maximum rate of assimilation. Tleaf is 

the instantaneous leaf temperature and Topt is the temperature at Aopt.  Ω is the width of the 

temperature response curve, measured as the difference between Topt and the temperature 

at which assimilation is 37% of Aopt, representing the photosynthetic thermal niche (June 
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et al. 2004, Carter et al. 2020). To ensure quality, if Topt was <15, that curve was dropped 

for Topt analysis. If Ω was <0 it was dropped from Ω analysis. 

Water use efficiency 

Water use efficiency (WUE) was measured using both gas exchange and stable 

isotope techniques. Instantaneous WUE was calculated as photosynthetic capacity 

divided by stomatal conductance (Amax/gs) using data from Amax campaigns.  The same 

leaves, 270, used for LMA and foliar nutrient analysis in 2020 were used for 13C isotopic 

analysis, see above for sample preparation methods. Samples were analyzed for ‰ 13C at 

the University of California Davis Stable Isotope Facility using a PDZ Europa ANCA-

GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass 

spectrometer (Sercon Ltd., Chesire, UK). Leaf water content (LWC) was measured on the 

same leaves, 255, that were used for LMA and gas exchange in 2021. The leaves were 

dried as described above. Leaf water content, LWC (%) was calculated as ((fresh mass-

dry mass)/fresh mass) *100). 

Statistical Analyses 

Linear regressions were used to compare 2020 LMA, Nmass and Narea as well as 

2020 and 2021 Fv/Fm measurements and 2020 δ13C values to seed source mean annual 

temperature (MAT; ℃) and seed source precipitation over the active growth months of 

May to September (Rain; mm) in R studio (R 2020). Yearly Amax and A/gs 

measurements, 2021 LMA, Nmass, Narea, and LWC as well as 2019 Fv/Fm measurements 

and extracted photosynthetic temperature curve parameters were compared to the two 

seed source environmental variables, MAT and Rain, using analysis of covariance 
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(ANCOVAs) in the package rstatix (R 2020) with common garden as a fixed factor. Late 

season Amax measurement dates, in August of each year, at Ford and Kellogg common 

gardens were used in the ANCOVAs.  

 

Results 
Photosynthetic capacity 

Photosynthetic capacity was higher for northern seed source plants than southern 

seed source plants. Amax was negatively correlated with climate variables in all years, 

where colder, drier seed sources had higher Amax values than warmer, wetter seed sources 

(Figure 3.3, Table 3.3). Site was significant in 2019, with Kellogg plants having a greater 

Amax than those at Ford (p < 0.001), but there were no differences across site in 2020 or 

2021. There were no significant interactions in any year. 

Northern seed source plants generally had higher leaf nitrogen at Ford, but 

patterns at Kellogg were the opposite. In fall 2020, at Ford both mass- and area-based 

leaf nitrogen was greater in plants from colder, drier seed sources (Figure 3.4, Table 3.4). 

In 2021, we found significant interactions between MAT and common garden for both 

Nmass and Narea, where nitrogen increased with MAT at Kellogg, but decreased with MAT 

at Ford (Figure 3.5, Table 3.4).  Seed source Rain had no effect on foliar nitrogen, either 

on a mass- or area- basis in 2021, but Narea was significantly higher at Ford compared to 

Kellogg (Figure 3.5, Table 3.4).   

Stress response  
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Northern seed source plants were generally less vulnerable to stress with a higher 

Fv/Fm representing less stress on photosystem II during harsh conditions. Fv/Fm was 

negatively correlated with seed source MAT and precipitation in 2019 and 2020 (Figure 

3.6, Table 3.3). Plants from warmer, wetter seed sources had a lower Fv/Fm. In 2019, the 

only year both sites were measured, there were MAT*common garden and 

Rain*common garden interaction effects.  Plants at both common gardens had negative 

correlations between seed source environmental variables and Fv/Fm, however the trend 

was stronger at Ford. In 2021, Fv/Fm of Ford plants was neither correlated with seed 

source MAT nor Rain (Figure 3.6, Table 3.3).   

Photosynthetic temperature response  

Northern seed sources had a larger photosynthetic temperature range and higher 

assimilation at optimum temperature than southern seed sources, while optimum 

photosynthetic temperature did not vary between seed sources. Topt, extracted from 

temperature curves, was neither correlated with seed source environmental variables nor 

common garden site (Figure 3.7, Table 3.5). Aopt and Ω from temperature curves were 

both negatively correlated with seed source MAT and Rain, and there were no significant 

differences across common garden sites nor interactions (Figure 3.7, Table 3.5). Plants 

from colder, drier seed sources had a greater temperature range for photosynthesis and a 

greater Aopt than those from warmer seed sources.  

Water use efficiency  



55 

There were conflicting water use efficiency trends for seed sources based on year 

and variable measured. Using gas exchange measurements, southern plants had higher 

instantaneous water use efficiency in 2021, while northern plants had integrated higher 

water use efficiency based on stable carbon isotopes in 2020. In 2019 and 2020, A/gs was 

not correlated with seed source climate variables (Figure 3.8, Table 3.6).  In 2021, 

however, A/gs increased with both MAT and Rain at both sites, where plants from 

warmer, wetter seed sources had higher A/gs (Figure 3.8, Table 3.6). Ford plants had a 

higher A/gs than Kellogg plants in all years (Figure 3.8, Table 3.6). Carbon isotope 

analysis of leaves from Ford only show ‰ 13C was negatively correlated with seed 

source climate variables, indicating higher WUE in colder, drier seed source plants in 

2020 (Figure 3.9, Table 3.6).  LWC was not significantly correlated to seed source 

environmental variables or common garden sites in 2021 (Figure 3.9, Table 3.6). 

 

Discussion 
Photosynthetic capacity  

Our findings reveal northern seed source plants have a more generalist strategy 

compared to southern seed source plants. Northern seed source plants had a higher 

photosynthetic capacity and temperature range, higher stress tolerance and greater water 

use efficiency. However, it is important to note that there is large variability both between 

and within populations. 

In support of hypothesis 1, Amax was higher for colder, drier seed sources in all 

years, and foliar N was greater in 2020. We hypothesized that northern plants have 
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evolved greater photosynthetic capacity to compensate for shorter growing seasons. 

Another study found cold grown plants, Arabidopsis thaliana grown at 5 °C had higher 

photosynthetic and respiration capacities than their warm-grown counterparts (Aitken et 

al. 2008). Southern seed source plants may have not acclimated to the shorter growing 

season at the common gardens and increased Amax to a rate comparable to northern seed 

sources. In general, Amax is a genetically conserved trait (Gunderson et al. 2010), and 

while some acclimation can occur, it will likely take generations for southern plants to 

increase Amax. Northern seed source plants also had a larger photosynthetic temperature 

range, Ω. These two photosynthetic parameters are often positively correlated with each 

other (Perez et al. 2021). The higher Amax of northern seed source plants coupled with a 

larger photosynthetic temperature range make them better adapted to the short growing 

season and large temperature fluctuations at the northern range limit.  

In support of hypothesis 1, colder, drier seed source plants at Ford had greater 

foliar nitrogen than warmer, wetter seed sources in 2020. However, in 2021, there was no 

correlation between foliar nitrogen with seed source environmental variables. Higher 

foliar nitrogen in northern seed source plants at Ford in 2020 may be a metabolic 

adaptation to the cold (Tjoelker et al. 1999). Colder ecotype plants often have higher 

foliar nitrogen than their warmer ecotypes counterparts (Tjoelker et al. 1999). This is 

further supported by higher Narea of plants at Ford, where the MAT is 5°C colder than at 

Kellogg. All populations may be increasing foliar nitrogen in response to the colder 

environment. It is also supported by the stronger negative trend of foliar nitrogen with 

seed source MAT and rain at Ford. Another reason for higher foliar nitrogen in northern 

seed sources may be because there is higher soil organic matter carbon and nitrogen in 
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colder locations (Craine et al. 2015). However, we have not sampled soil at the seed 

source locations to verify if this trend applies to our study.  

Stress Response 

In support of hypothesis 2, Fv/Fm was greater in northern seed source plants in 

2019 and 2020. Fv/Fm, variable chlorophyll fluorescence/ maximum fluorescence, 

indicates how photosystem II (PSII) is functioning. A higher Fv/Fm value is expected in 

more conservative, generalist populations that invest in the metabolic cost of PSII stress 

tolerance (Perez et al. 2021). Northern seed sources may have a higher PSII stress 

tolerance because they are adapted to less precipitation. This is supported by a study on 

tropical trees that reported drought tolerance and thermotolerance were positively 

correlated (Sastry et al. 2018).  

Fv/Fm measurements in conjunction with temperature response curves measure 

the thermotolerance of Q. rubra. Northern seed sources had a wider temperature range 

for photosynthesis and a higher Fv/Fm, showing they invest more in PSII stress tolerance. 

Our results are supported by another study that found a larger photosynthetic temperature 

range is generally correlated with higher PSII stress tolerance (Perez et al. 2021). This is 

indicative of thermal generalists (Perez et al. 2021). A generalist strategy with high stress 

tolerance is especially important, as Q. rubra is particularly sensitive to heat and cold, 

and fluctuating temperatures are expected to increase with climate change. Quercus rubra 

are prone to heat stress, and in one study they had the largest reduction in Fv/Fm of three 

oak species when exposed to heat (Percival 2005). In our study, southern seed source 

plants were more prone to frost damage than northern seed source plants at Ford, likely 
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because northern seed source plants are adapted to the harsh climate at the northern 

common garden. This further supports the idea that northern seed source plants have a 

higher stress tolerance and are better suited for the climate at the northern range limit.  

Photosynthetic temperature response  

Contrary to hypothesis 3, Topt was not correlated with seed source environmental 

variables. In support of hypothesis 3, Aopt and Ω were negatively correlated with seed 

source MAT and rain. Northern seed sources had a higher maximum rate of 

photosynthesis and also maintained high rates of carbon assimilation across a wider range 

of temperatures than warmer, wetter seed sources.  

Topt was not correlated with seed source environmental variables, possibly 

because the plants have acclimated to the temperatures at the common gardens. 

Photosynthetic acclimation to temperature occurs when a plant adjusts its physiological 

and biochemical mechanisms to photosynthesize more efficiently at growth temperatures 

(Yamori et al. 2014). While this is not always found in all trees (Ow et al. 2008),  Q. 

rubra has been found to thermally acclimate (Gunderson et al. 2010). Thermal 

acclimation is commonly seen as a shift in Topt, Aopt, or Ω under warmer growth 

temperatures (Yamori et al. 2014, Carter and Cavaleri 2018). Other biochemical 

responses to cold temperatures may include increasing Rubisco and other enzymes used 

in the carbon cycle to compensate for lower activity at colder temperatures (Yamori et al. 

2014). Cold acclimated plants may also increase membrane fluidity by increasing 

unsaturated: saturated fatty acids (Yamori et al. 2014). Plants acclimated to high 

temperatures need greater thylakoid membrane stability and heat tolerance, as proton 
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leakiness can occur (Bukhov et al. 2000, Yamori et al. 2014). Heat shock proteins may 

also be expressed in response to high temperatures (Vierling 1991, Yamori et al. 2014).  

Our speculation of thermal acclimation in all populations is supported by 

experiments where Topt shifts with growth temperature (Berry and Bjorkman 1980, 

Cunningham and Read 2002, Gunderson et al. 2010, Slot and Winter 2017). In one study, 

the average air temperature from only two days prior was used as a predictor of Topt 

(Gunderson et al. 2010). However, in one Q. rubra study, no temperature acclimation 

occurred and colder seed source plants had lower Topt than warmer seed source plants, 

even after being exposed to the same environmental conditions in a common garden for 

twelve years (Robakowski et al. 2012). We hypothesize that similar Topt across 

populations in our study is evidence of acclimation, however we do not know Topt of the 

plants in their native environments. Because of this, we cannot rule out that the similar 

Topt among populations is simply due to no genetic differences in Topt among seed source 

populations. However, acclimation is supported by the nearly significant trend of higher 

Topt in Kellogg plants compared to Ford plants (p = 0.071; p = 0.080; Table 3.5). While 

our study may showed acclimation in all populations, northern populations generally 

have greater acclimation potential than southern populations (Sage and Kubien 2007). 

This may only be apparent at more extreme temperatures.  

All Q. rubra populations were grown in common gardens with the same 

environmental conditions, yet colder seed sources had a larger photosynthetic 

temperature range, which implies Ω is a genetically conserved trait. In another Q. rubra 

study, under experimentally warmed conditions, Ω did not change, supporting this theory 
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(Gunderson et al. 2010). A greater Ω as seen in colder seed source plants is indicative of 

a generalist strategy (Perez et al. 2021). One reason northern seed source plants have a 

larger photosynthetic range may be because they are subject to more fluctuating 

temperatures during the growing season. While all seed source locations have a similar 

range of temperatures (Table 3.2), northern seed sources endure more frost and drought 

events. Fluctuating temperatures have been found to correlate with higher Amax 

(Cunningham and Read 2003), which is supported by our results. 

Aopt was greater for northern seed sources. This was expected as Aopt is a 

genetically conserved trait (Gunderson et al. 2010). In a warming experiment, Aopt was 

not correlated with temperature history or treatment (Gunderson et al. 2010). However, 

some acclimation may occur. For example, temperature acclimation can be seen as a shift 

in Topt or a higher Aopt  (Carter and Cavaleri 2018). We cannot determine definitively if 

any of our populations acclimated to site conditions because we do not have baseline 

temperature curve measurements of them at their original site.  

In our study, larger photosynthetic ranges and higher Aopt were both negatively 

correlated with seed source temperature and precipitation over growing season. Both a 

higher Aopt and wider Ω are marks of generalist strategies more common of northern 

plants. As temperature fluctuations are predicted to increase with climate change, 

generalist strategies are favored as being able to withstand a wider range of temperatures 

is important. 

Water use efficiency  
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Contrary to our hypothesis, instantaneous WUE, estimated as assimilation / 

stomatal conductance (A/gs), was not correlated with seed source climate variables in 

2019 and 2020. In 2021, A/gs was positively correlated with seed source MAT and rain, 

opposite of the hypothesized trend. The lower A/gs of northern seed source plants in 2021 

may be attributed to evaporative cooling. Evaporative cooling allows a plant to “sweat” 

in response to high temperatures by increasing stomatal conductance (Marias et al. 2017). 

Physiological responses such as evaporative cooling and heat shock proteins prevent 

damage to PSII photochemistry (Marias et al. 2017). If there is adequate water available, 

evaporative cooling may be a strategy for the plant to cool itself without risking 

cavitation. The theory that northern seed source populations of Q. rubra are evaporative 

cooling is further supported by our results at Kellogg. Quercus rubra plants at Kellogg 

(all populations) had lower A/gs than Ford plants. Kellogg receives more precipitation 

and has higher temperatures, providing conditions that make evaporative cooling an 

effective strategy without risk of cavitation. Evaporative cooling during heat waves with 

well-watered conditions was also seen in loblolly pine (Ameye et al. 2012).  

Higher concentrations of δ13C, indicating higher integrated WUE, were present in 

the foliar tissue of northern seed sources when sampled at Ford in September 2020, as 

predicted. Foliar 13C is representative of WUE across the entire growing season (Weiwei 

et al. 2018) meaning Q. rubra from colder, drier seed sources had overall higher WUE at 

Ford for the 2020 season. Higher δ13C and greater drought resistance in drier ecotype 

populations has been found in other studies on Pinus (Kerr et al. 2015, Marias et al. 

2017). 
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We found colder, drier seed sources also have greater Amax, meaning the 

difference in A/gs between seed source populations is likely due to a lower stomatal 

conductance in northern seed source Q. rubra.  This is further supported by a study on Q. 

robur that found WUE and  δ13C were related to differences in stomatal conductance and 

not photosynthetic capacity (Roussel et al. 2009). Another study found that at drier sites, 

Quercus species maintain high δ13C by reducing intercellular to ambient CO2 partial 

pressures (Ci/Ca) (Turnbull et al. 2002). 

Foliar δ13C measurements found higher water use efficiency in northern seed 

sources, which we did not see in gas exchange measurements. This may be due to harsh 

site conditions at Ford in summer 2020. Plants at Ford were given some supplemental 

water, however, there were frequent summer droughts, creating conditions that required 

high WUE and did not allow the Q. rubra to cool themselves by increasing stomatal 

conductance without risk of cavitation. When measuring A/gs, we used healthy well-

watered plants during peak photosynthetic hours. However, Quercus been found to close 

their stomata earlier in the day when water stressed (Cavender-Bares and Bazzaz 2000). 

When this midday depression occurs, we did not measure gas exchange. During this time 

the plant has closed its stomata and is lowering its internal CO2, Ci, and cannot 

discriminate against the heavier 13C, contributing to a higher concentration of 13C in the 

leaf.  

Quercus species generally have high WUE compared to other deciduous tree 

species, due in part to thick leaves, small stomata, and deep roots which allow them to 

maintain high water potential even in dry conditions (Abrams 1990). However, 
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transplanted Q. rubra are likely to be seedlings and do not have deep roots that can 

access groundwater, making them more vulnerable to heat stress and drought (Cavender-

Bares and Bazzaz 2000, Marias et al. 2017). Higher δ13C enrichment under drought 

conditions and the ability to evaporative cool under conditions with adequate water 

supply show acclimation and drought resistance in colder, drier seed sources. Stress 

responses (Topt, Fv/Fm) and drought resistance (A/gs, δ13C) will be important in 

determining how species will respond to changing climatic conditions and how this will 

affect species distribution (Marias, 2016). We predicted lower LWC for drought adapted 

northern seed sources, however LWC was not correlated with seed source. LWC did not 

vary based on treatment in another Q. rubra study (Rodgers et al. 2018). This provides 

evidence that Q. rubra may not regulate leaf water content based on moisture availability 

or is able to maintain constant LWC even in stressful conditions. 

Conclusions 
Northern seed source populations appear to be better suited for current and predicted 

climate conditions at the northern range limit of Q. rubra. Northern populations have a 

conservative, generalist strategy as evidenced by higher photosynthetic capacity and 

wider photosynthetic temperature range than southern populations. As temperature, 

drought and extreme weather events are expected to increase with climate change, a 

conservative, generalist strategy is favored. These findings are consistent with Chapter 1, 

where northern seed sources had greater cold tolerance, and provide further evidence that 

northern seed sources may be the most well suited for assisted migration of Q. rubra at 

the northern range limit.  
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Tables 
Table 6.1 Seed sources and environmental variables of Quercus rubra 
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Table 7.2 Ford and Kellogg common garden average temperatures 
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Table 8.3 Two-way ANCOVA p-value results and degrees of freedom for site (Ford and Kellogg) and seed source climate variables of mean annual temperature (MAT) and rain over growing 
season (Rain) as well as climate*site interaction effects for Amax in 2019-2021 and Fv/Fm in 2019. Regression p-value results and degrees of freedom for Fv/Fm of plants at Ford Center in 2020, 
202 
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Table 9.4 Two-way ANCOVA p-value results and degrees of freedom for site (Ford and Kellogg) and seed source climate variables of mean annual temperature (MAT) and rain over growing 
season (Rain) as well as climate*site interaction effects for Narea, Nmass, and leaf mass/leaf area (LMA) in 2021. Regression p-value results and degrees of freedom for Narea and Nmass of plants at 
Ford Center in 2020. 

Table 3.4 Two-way ANCOVA results and degrees of freedom for common garden (CG) 

(Ford and Kellogg) and seed source climate variables of mean annual temperature (MAT) 

and rain over growing season (Rain) as well as climate*common garden interaction 

effects for Narea and Nmass in 2021. Regression results and degrees of freedom for Narea 

and Nmass of plants at Ford in 2020. 

Source Narea Nmass 
 2020 2021 2020 2021 
 DF P DF P DF P DF P 
MAT 268 <0.001 44 0.286 268 <0.001 44 0.266 
CG NA NA 44 0.008 NA NA 44 0.480 
MAT*CG NA NA 44 0.005 NA NA 44 0.019 
Rain 268 <0.001 44 0.241 268 <0.001 44 0.403 
CG NA NA 44 0.013 NA NA 44 0.511 
Rain*CG NA NA 44 0.140 NA NA 44 0.172 
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Table 3.5 Two-way ANCOVA results and degrees of freedom for common garden (CG) 

(Ford and Kellogg) and seed source climate variables of mean annual temperature (MAT) 

and rain over growing season (Rain) as well as climate*common garden interaction 

effects for temperature curve parameters Topt, Aopt, and Ω during summer 2021.  

Source Topt Aopt         Ω 
 DF P DF P DF P 
MAT 37 0.199 37 0.013 36 0.006 
CG 37 0.071 37 0.857 36 0.104 
MAT*CG 37 0.636 37 0.216 36 0.210 
Rain 37 0.397 37 0.004 36 0.001 
CG 37 0.080 37 0.797 36 0.078 
Rain*CG 37 0.652 37 0.954 36 0.122 

bolded values denote significance (<0.05) 
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Table 10.6 Two-way ANCOVA p-value results and degrees of freedom for site (Ford and Kellogg) and seed source climate variables of mean annual temperature (MAT) and rain over growing season 
(Rain) as well as climate*site interaction effects for iWUE in 2019-2021 and LWC in 2021. Regression p-value results and degrees of freedom for 13C of plants at Ford Center in 2020.  
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Figures 

 

Figure 3.1 Map of Quercus rubra seed sources, four cold (blue), four intermediate 

(yellow), and four warm (red), Ford and Kellogg common gardens are represented with 

white stars. 
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Figure 3.2 Common garden design where each letter is a block with 30 plants in 3 

columns x 10 rows followed by a row of buffer plants. In the enlarged figure of block C, 

Qe denotes Q. ellipsoidalis and Qr denotes Q. rubra. Colored plants are Qr plants used in 

the study. Red plants are from warm seed source sites, yellow plants are from 

intermediate seed source sites, and blue plants are from cold seed source sites. 
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Figure 3.3 Interaction plots of Amax with seed source mean annual temperature and rain 

over growing season for 2019 season (a), (b), 2020 season (c), (d), and 2021 season (e), 

(f), Kellogg depicted by dashed line, Ford depicted by solid line, shading =+/- 1 SE. 
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Figure 3.4 Regression plots of Nmass (a) (b) and Narea (c) (d) with seed source mean annual 

temperature and rain over growing season for core population plants during 2020 season 

at the Ford common garden, shading =+/- 1 SE. 
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Figure 3.5 Interaction plots of Nmass (a), (b), and Narea (c), (d) with seed source mean 

annual temperature and rain over growing season during 2021 season at the Ford 

common garden, shading =+/- 1 SE. 
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Figure 3.6 Interaction and regression plots of Fv/Fm with seed source mean annual 

temperature and rain over growing season for 2019 season (a), (b), 2020 season (c), (d), 

and 2021 season (e), (f), Kellogg depicted by dashed line, Ford depicted by solid line, 

shading =+/- 1 SE. 
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Figure 3.7 Interaction plots of temperature curve parameters Topt (a), (b), Aopt (c), (d), and 

Ω (e), (f) with seed source mean annual temperature and rain over growing season for 

2021 season, Kellogg depicted by dashed line, Ford depicted by solid line, shading =+/- 1 

SE. 
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Figure 3.8 Interaction plots of A/gs (Amax/stomatal conductance) with seed source mean 

annual temperature and rain over growing season for 2019 season (a), (b), 2020 season 

(c), (d), and 2021 season (e), (f), Kellogg depicted by dashed line, Ford depicted by solid 

line, shading =+/- 1 SE. 
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Figure 3.9 Regression plots of δ13CVPDB (‰) at the Ford common garden during the 

2020 season (a) (b) and interaction plots of LWC (c) (d) with seed source mean annual 

temperature and rain over growing season during 2021 season, Kellogg depicted by 

dashed line, Ford depicted by solid line, shading =+/- 1 SE. 
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