
UC Santa Cruz
UC Santa Cruz Electronic Theses and Dissertations

Title
Plant phenology, climate and climate change

Permalink
https://escholarship.org/uc/item/23s2w4pz

Author
Oshiro, Juliet

Publication Date
2017
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/23s2w4pz
https://escholarship.org
http://www.cdlib.org/


University of California 
Santa Cruz 

 
Plant phenology, climate and climate change 

 

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

 
DOCTOR OF PHILOSOPHY 

 
In 
 

ECOLOGY AND EVOLUTIONARY BIOLOGY 
 

By 
 

Juliet Oshiro 
 

September 2017 
 
 

Dissertation of Juliet Oshiro 
is approved: 

 
 

__________________________________ 
Professor Laurel Fox, chair 

 
 

__________________________________ 
Professor Ingrid Parker 

 
 

__________________________________ 
Professor Jarmila Pittermann 

 
 

__________________________________ 
Professor Michael Loik 

 
 

_________________________________ 
Tyrus Miller 
Vice Provost and Dean of Graduate Studies



Copyright © by 
 

Juliet Oshiro 
 

2017



iii 
 

Table of Contents 

 
List of Figures and Tables .......................................................................................... iv 
 
Abstract .................................................................................................................. v - vi 
 
Acknowledgements ........................................................................................... vii - viii 
 
Introduction .......................................................................................................... 1 - 11 
 
Chapter 1 ............................................................................................................. 12 - 47 
 
Chapter 1 figures and tables ............................................................................... 48 - 57 
 
Chapter 2 ........................................................................................................... 58 - 105 
 
Chapter 2 figures and tables ........................................................................... 106 - 118 
 
Chapter 3 ......................................................................................................... 119 - 157 
 
Chapter 3 figures and tables ........................................................................... 158 - 164 
 
Discussion ....................................................................................................... 165 - 171 
 
Appendix ........................................................................................................ 172 - 199 
 
 Supplementary material Chapter 1 ..................................................... 172 - 179 
 
 Supplementary material Chapter 2 ..................................................... 180 - 194 

 Supplementary material Chapter 3 ..................................................... 195 - 199 



iv 
 

List of Figures and Tables 

 

Chapter 1 figures and tables: 48 - 57 
 
Chapter 2 figures and tables: 106 - 118 
 
Chapter 3 figures and tables: 158 - 164 
 
Chapter 1 supplementary material: 172 - 179 
 
Chapter 2 supplementary material: 180 - 194 
 
Chapter 3 supplementary material: 195 - 199 
 
  



v 
 

Abstract 

 

Plant phenology, climate and climate change 

 

Juliet Oshiro 

 

Phenology, or the timing of life cycle events, is often cued by climate in 

plants. Many studies of plant phenology and climate use climate data from models, 

such as PRISM (prism.oregonstate.edu), which are generated from data collected at 2 

m above the ground (above many plants), and are averaged over 4 km2 grid cells. We 

compared temperature recorded near-the-ground, at vegetation level, to PRISM’s 

temperature at ten study sites in Santa Cruz County representing grassland and 

sandhill habitats and a range of distances from the coast, elevations, and 

slope/aspects. Temperature near-the-ground was generally larger than PRISM’s, and 

the difference between the two sources varied with elevation, distance from the coast, 

and aspect. We reconstructed microclimate near-the-ground at the 10 sites from 1982-

2016, and assessed how it has changed over time. Changes were minimal, but 

minimum temperature increased, and inter-annual variability in maximum 

temperature and winter rainfall changed. We then examined how these data have 

influenced plant phenology using historical records (1989-1998) and resurveys (2011-

2015) of the 10 study sites. Higher minimum temperature and lower precipitation 

caused earlier first and last flowering dates in the resurveys (versus historical) and at 

the coast (versus inland), though variation among species was high.  

 We also examined how functional traits influenced species-specific 

phenological responses to climate. We hypothesized that phenological response to 
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climate varied among species that avoided versus tolerated warm, dry summers, but 

our results did not support this. Responses varied among species with different leaf 

flatness, and whether the species was native or not native to California. The season in 

which species were sensitive to climate also influenced phenological response.   

 Finally, we manipulated minimum temperature, maximum temperature and 

precipitation in growth chambers. In higher maximum temperatures, plants began 

flowering earlier, and in drought and high maximum temperatures, plants stopped 

flowering later, and flowered for a shorter period. In these conditions plants also used 

water more efficiently, and therefore were smaller and had lower fitness.  

 Overall, this dissertation shows that phenological response to climate near the 

ground is trait based, and that phenological change impacts plant performance.  
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Introduction 

 
The consequences of anthropogenic climate change are widespread, but vary 

regionally. In California, on average temperature has increased and precipitation has 

decreased (Cordero et al. 2011), but even within California, patterns of climate 

change vary spatially. For example, in maritime regions, which are characterized by 

ocean moisture buffering the extreme temperature maxima and minima, average 

maximum temperature has decreased, while minimum temperature has increased, and 

average precipitation has not changed (Cordero et al. 2011). No studies have 

characterized spatial patterns of climate change within the maritime region of 

California.  

Regional climate is studied using regional climate models, such as PRISM. 

PRISM uses data from local weather stations, elevation, distance from the coast, 

aspect, and atmospheric circulation patterns to produce gridded (4 × 4 km) coverage 

of the United States (Daly et al. 2008). One problem with using PRISM for studying 

biotic responses to climate is that the weather stations it uses for spatial interpolation 

are often deployed at least 2 m above the ground, whereas much biological activity 

occurs closer to, or even below the ground. Usually air near-the-ground (1 m and 

below) is warmer than at 2 m, and is influenced by microclimate (Geiger et al. 1995, 

Dingman et al. 2013). For example, in the southern Sierra Nevada, on south facing 

slopes and exposed areas with high solar radiation near-ground temperatures are up to 

12oC warmer than temperatures at 2 m (versus only 8oC warmer on north facing 

slopes)(Dingman et al. 2013). Buffering from water, cloud cover, winds, and forest 
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canopies reduces differences between temperatures at 2 m and near-the-ground (Porté 

et al. 2004, Fridley 2009).  

Also, grid cell averages do not represent specific points or sites within a cell, 

which is problematic for studying biotic responses to climate if microclimates 

influence species’ distributions. Temperature can change within relatively small 

distances due to vegetation cover, soil type, elevation, aspect, and distance from water 

(Lesser and Fridley 2016). Also, microsites within the 4 km2 grid might be affected 

differently by climate change. For example, wetter, cooler, shaded areas, such as 

forests, are expected to buffer climate change and become refugia from extreme 

heating events (Ashcroft 2010).  

Due to buffering from the ocean, maritime regions, such as Santa Cruz 

County, are expected to become climate change refuges for species escaping rising 

interior temperatures (Torregrosa et al. 2013). However, despite this region’s 

importance, no study has attempted to either downscale climate to the microsite level, 

or recreate climate near the ground in the California maritime region.  

Climate near-the-ground and microclimate often influence plant phenology, 

or, the timing of life cycle events, including germination, leafing, flowering and 

senescence. Environmental conditions, such as climate, provide signals that indicate 

seasonality, and responding to those cues allows plants to grow during favorable 

seasons. For example, plants use temperature to indicate when freezing danger has 

passed in the winter and to avoid high summer temperatures (Balasubramanian et al. 
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2006). Precipitation cues phenology because water availability influences 

photosynthesis rate, and therefore the rate of growth, as well as germination and 

length of the growing season (Taiz and Zeiger 2010). 

Since anthropogenic change alters temperature and precipitation, changing 

phenology is one of the key biotic responses to climate change (Parmesan 2006). This 

has been studied in plants using both observational field studies and experiments. The 

results of field studies and experiments are generally consistent with each other, with 

warming causing advancement, and responses to drought revealing either drought 

escape or tolerance in Mediterranean-type regions (Menzel et al. 2006, Schwartz and 

Hanes 2010, Franks 2011, Haggerty and Galloway 2011, Crimmins et al. 2013, Frei 

et al. 2014, Ramos et al. 2015). Interactions between climate components also 

influence phenology; for example, drought can enhance the advancing effects of high 

temperatures (Matthews and Mazer 2016). 

Genetics often influences phenological response to climate. For example, in 

common gardens, plants originating from lower  latitudes and altitudes flower earlier 

than conspecifics originating from higher latitudes and altitudes (Haggerty and 

Galloway 2011, Frei et al. 2014). In Mediterranean regions, drought selects for earlier 

flowering, so plants escape the lengthening dry summers (Franks 2011). In addition, 

changing climate is expected to change the amount of genetic variation within 

populations. Drought and high temperatures might exert strong directional selection 

on phenology that would lead to decreased variation, or increasing inter-annual 
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variability in climate might maintain greater genetic variability through fluctuating 

selection (Jump and Peñuelas 2005, Matesanz et al. 2010, Harter et al. 2015, Vázquez 

et al. 2017).  

Although there are general trends, even within a community species often 

have different responses to climate change (Sherry et al. 2007, Cook et al. 2012, Diez 

et al. 2012). Species can respond to different climate cues, respond to the same 

climate cues but at different times of the year, or have different responses to the same 

climate cues (Sherry et al. 2007, Crimmins et al. 2010, Cook et al. 2012, Dai et al. 

2013). The specific traits that influence these differences are often poorly understood. 

Influences of season of flowering, functional group, pollination mode, and lifespan 

differ among studies (Fitter and Fitter 2002, Cleland et al. 2006, Sherry et al. 2007, 

Hovenden et al. 2008, Molnár et al. 2012, Bock et al. 2014, Valencia et al. 2016), 

which could reflect differences in species studied, or not accounting for other traits. 

Study region is also important because climate regime varies regionally, but no 

studies have examined traits that characterize adaptation to regional climate regimes. 

Plant phenological response to climate is also linked to plant performance 

(size and fitness). Plants that are unable to phenologically track climate may perform 

poorly because they must grow during less optimal climate conditions and are 

physiologically stressed. In Mediterranean-type climates, plants that flower earlier in 

response to warming have high photosynthesis rates that support rapid growth and 

allow them to escape summer drought and high heat; as a result these plants are larger 
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and have higher fitness than conspecifics that did not respond to climate. However, 

sometimes there is a tradeoff between size and reproduction, where earlier flowering 

plants are smaller.  

This thesis examines patterns of climate and climate change near-the-ground, 

and examines the basis of phenological response to climate using both an 

observational field study and an experiment. We used a historical dataset of plant 

phenology observations, the Randall Morgan Collection at UC Santa Cruz’s Norris 

Center for Natural History. Randall Morgan was one of the premier naturalists in the 

central coast region, and he took field notes on plant phenology from 39 sites in Santa 

Cruz County from 1989-1998. Morgan surveyed each site for at least one year, 

visiting it every 3-4 weeks for an entire calendar year and recording all blooming 

plants along a fixed transect during each survey. From mid-2011-2015, we re-

surveyed 10 sites from two habitat types: 4 sandhill sites and 6 grassland sites (see 

Figure 1 in Chapter 1), using Morgan’s methods and transects.  

 In chapter one, we evaluated spatial and temporal microclimate patterns. We 

deployed data loggers near-the-ground at the sites and compared their temperatures to 

PRISM’s. We asked if differences between PRISM and near-the-ground temperatures 

differed across topographic features, including aspect/slope, habitat type, elevation, 

and distance from the coast. Then, we reconstructed climate near-the-ground from 

1982-2016 and determine how it changed during that time period. Finally, we 

determined whether topographic features influenced climate change. 
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In chapter two, we characterized temporal (historical versus resurveys) and 

spatial (coast versus inland grasslands) phenological patterns in Santa Cruz County, 

and determined the relationship between phenology and climate. We also asked 

whether traits predicted phenological response to climate. We hypothesized that 

responses differed among species with varying abilities to tolerate or avoid drought 

and high heat. To test this hypothesis, first we quantified responses to climate using 

random forest and generalized linear models. Then, we used classification trees to 

group species by their responses and traits. 

Finally, in chapter 3, we used an experiment to determine the basis of 

phenological response to climate. We grew three species: Spergula arvensis, collected 

from both coast and inland grassland sites, Lasthenia gracilis collected from both 

coast and inland grassland sites and sandhills, and Minuartia douglasii, collected at 

the sandhills. We grew these species in 8 treatments that combined two levels each 

(high and low) of minimum and maximum temperature, and precipitation to evaluate 

the effects of climate on phenology. We assessed the relative contributions of 

genetics and phenotypic plasticity using variance components analysis. We also 

linked phenology with physiology, size and fitness. 

Overall, this work not only identifies the impact of climate change on Santa 

Cruz County, but also describes patterns of species-specific phenological responses to 

climate and evaluates the consequences of phenology change. 
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Chapter 1: Climate near the ground in coastal California: reconstructing climate 

from 1982-2016 using topographic variation in the differences between near-

ground and PRISM air temperatures 

 

Abstract 

 Patterns of weather, climate and climate change are well documented by 

climate models such as PRISM. However, climate models use data recorded at 2 

meters or more above the ground, while most of the biota (except for trees) interact 

with climate near-the-ground. Moreover, temperature at 2 m is much more spatially 

uniform than temperature near-the-ground, which can differ across small areas due to 

factors such as topographic features, creating microclimates. We assessed the 

differences between PRISM and near-ground temperatures across a topographically 

variable landscape located in a Mediterranean-type climate with a maritime influence: 

Santa Cruz County, California. From 2013-2015 we deployed data loggers near-the-

ground at 10 sites of two habitat types, grasslands and sandhills, distributed across a 

range of elevations, distances from the coast, and aspects. We compared the data 

logger readings to PRISM temperatures at the sites, and found that, in general, near-

ground temperatures were warmer than PRISM temperatures. The differences 

between PRISM and near-ground temperatures were larger on south facing slopes and 

flat areas, and smaller farther from the coast. At higher elevations, the differences 

between PRISM and near-ground minimum temperatures were larger, but for 

maximum temperature differences were smaller, compared to low elevations.  
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Then we used the relationship between PRISM and near-ground temperatures 

to reconstruct temperature near-the-ground from 1982-2016, and evaluate how it has 

changed over time. Winter minimum temperature has increased over time, while 

inter-annual variation in maximum temperature has decreased in the summer, but 

increased in the winter. By contrast, inter-annual variation in daily rainfall intensity 

has decreased in the winter, with the most change at high elevations. Overall, climate 

change at our study sites has been minimal, since very few physical conditions have 

changed.  

Introduction 

Anthropogenic climate change is globally pervasive, yet regionally variable. 

Temperature has increased worldwide with the most rapid warming in regions of 

higher latitudes and altitudes, and the interiors of large continents (Pachauri and 

Meyer 2014, Wang et al. 2016). Global precipitation has increased, with wetter 

regions, such as the tropics and subpolar latitudes, experiencing the most increases; 

however, precipitation has decreased in drier regions, such as arid and semi-arid 

regions (Pachauri and Meyer 2014).  

In addition to changes in average temperature and rainfall, inter-annual 

climate variability has also changed. But change is regionally variable. Globally, 

inter-annual variability in temperature has decreased in high latitudes due to fewer 

frosts, but has increased in lower latitudes due to more hot days (Räisänen 2002, 

Salinger 2005, Pachauri and Meyer 2014). Inter-annual variability in rainfall has 

increased globally, with increasing frequency of both droughts in arid areas, and 
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heavy rainfall events in all areas (Räisänen 2002, Pachauri and Meyer 2014). Finally, 

cyclical events such as ENSO are becoming more frequent and more extreme 

(Salinger 2005, Pachauri and Meyer 2014). 

These global patterns of climate change are determined using general 

circulation models that are based largely on available meteorological data (Pachauri 

and Meyer 2014). These models use atmospheric and oceanic circulation patterns, 

and patterns of energy fluxes to predict gridded, global climate patterns (Karl and 

Trenberth 2003, Wiens and Bachelet 2010). Widely available to researchers, and with 

all continents represented, these predict general global patterns very well (Wiens and 

Bachelet 2010). However, climate change is regionally variable, so researchers have 

also attempted to determine spatial patterns of climate change within continents by 

using regional climate models, such as PRISM. These are not available for all regions 

of all continents, but typically predict regional climate well (Daly and Bryant 2013). 

PRISM (Parameter-elevation Regressions on Independent Slopes Model, 

http://www.prism.oregonstate.edu/, Daly et al. 2008), for example, interpolates 

average climate values within 4 km2 grids using local weather station data. It was first 

developed in the 1990s at Oregon State University, with the intent of mapping climate 

using the relationship (regressions) between physical conditions and elevation for 

each topographic facet within each pixel of a map. Since then other parameters have 

been included, such as boundary layer height, terrain height, orographic effects, and 

distance from water bodies. However, land use/cover, including vegetation, has not 

been incorporated. 
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Regional patterns of climate within California 

California is topographically complex, with regional climatic variation within 

the state. One of the largest regional climatic differences is between maritime and 

inland regions (Abatzoglou et al. 2009). Maritime regions are strongly influenced by 

oceanic processes, such as sea surface temperature, sea breezes, upwelling, humidity 

from the water and coastal stratus (Abatzoglou et al. 2009, Torregrosa et al. 2013). In 

maritime areas, such as the central coast, moisture and coastal stratus buffers 

temperatures, preventing high maximums and low minimums (Hunter and 

Meentemeyer 2005, Abatzoglou et al. 2009, Johnstone and Dawson 2010). In 

contrast, inland regions, such as the interior valleys of the San Francisco Bay Area, 

the Sacramento Delta, and the San Joaquin Valley have high variation in minimum 

and maximum temperature (Abatzoglou et al. 2009, Torregrosa et al. 2013). Spatial 

precipitation patterns in California are mostly influenced by orographic effects and 

latitude, with higher precipitation at higher latitudes and elevations of windward 

slopes (Abatzoglou et al. 2009, Daly and Bryant 2013).  

Climate change within maritime areas 

Just as climate varies regionally within California, so do patterns of climate 

change. However, these patterns differ from global averages. Within maritime areas 

of California, precipitation have not changed over time, but minimum temperatures 

have increased, while maximum temperature has decreased (Cordero et al. 2011, 

Supplementary Material Table 1). In addition to changes in climate averages, year-to-

year variation and the frequency of extreme events have also changed within 
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California’s maritime region (Supplementary Material Table 1); heat waves and 

droughts events have become more frequent (Hamlet and Lettenmaier 2007b, 

Mastrandrea et al. 2011, Kadir et al. 2013, Diffenbaugh et al. 2015, Swain et al. 

2016). However, these patterns represent averages across the region, while spatial 

patterns of climate change within maritime areas are not well understood.  

Climate models and the biota 

Regional climate models, such as PRISM, are frequently used to determine 

biotic responses to climate, for example, in plant phenology research (Crimmins et al. 

2011, Diez et al. 2012, Cleland et al. 2013, Matthews and Mazer 2016). However, 

these models (including PRISM’s 4km × 4km grids) often cannot accurately capture 

biologically relevant climate conditions, for example, microclimate or temperature 

near-the-ground (up to 1 m off the ground).  

At the 4 km² grid sizes that are standard and freely available from PRISM, 

grid averages might differ from conditions at particular micro-sites. This implies that 

the amount of climate change might also differ between a grid average and a 

particular location or micro-site within that grid (Ashcroft 2010). Wetter, cooler, 

shaded areas are expected to warm less than dry, sun-exposed areas (Ashcroft 2010, 

Ashcroft and Gollan 2013). For example, forests are expected to buffer climate 

change because plants growing in the understory are shaded (Loehle and LeBlanc 

1996, De Frenne et al. 2013). Likewise, “hydrologic refuges” are protected from 

changes in evapotranspiration, for example: cold air drainage areas, areas over 

shallow aquifers, riparian areas, or areas in the fog belt (Mclaughlin et al. 2017). 
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Many studies have recognized this issue of scale when studying biotic responses to 

climate, and avoid this problem by further downscaling modeled data (Franklin et al. 

2013, Rapacciuolo et al. 2014, Ackerly et al. 2015).  

Another potential problem with climate models is that the difference between 

temperature at 2 m above the ground (where weather stations collect the data used by 

climate models) and temperature experienced by organisms near the ground may be 

quite different. Near-ground maximum and minimum temperatures are warmer than 

those at 2 m (Geiger et al. 1995, Dingman et al. 2013). However, the magnitude of 

these differences varies with microclimate; this is because temperature near-the-

ground fluctuates over small areas due to topographic features, solar radiation, 

vegetation, and soil, while temperature at 2 m above the ground stays similar across 

large areas (Dingman et al. 2013). In the southern Sierra Nevada, for example, near-

ground summer maximum temperatures in large valleys and on south facing slopes 

can be up to 12oC warmer than temperatures at 2 m, while, on north facing slopes, 

near-ground temperatures are less than 8oC warmer than temperatures at 2 m 

(Dingman et al. 2013).  

Compared to maximum temperature, the difference between air and ground 

minimum temperatures is relatively topographically stable, but is higher in areas with 

higher solar radiation because, at night, air near-the-ground is warmed by the ground  

emitting infrared radiation (Fridley 2009, Dingman et al. 2013); though more so in 

vegetated than open areas. Also, nighttime temperatures at 2 m are affected by 

catabatic drainage, since winds are typically stronger higher above the ground. Due to 
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a similar process, soil type influences the relationship between air and near-ground 

temperatures, because soil types differ in their ability to absorb and conduct heat. For 

example, compared to loams, sandy and gravelly soils have higher conductivity, so 

they exchange heat readily and warm the air near-the-ground, causing a larger 

difference between near-ground and air temperatures (Geiger et al. 1995). Due to 

buffering, areas near water, with high cloud cover, exposed to winds, or under forest 

canopies can have smaller differences between air and near-ground temperatures 

(Porté et al. 2004, Fridley 2009). 

Many studies avoid this problem by deploying data loggers near-the-ground, 

rather than using climate models (Loik et al. 2004, Gugger et al. 2015). However, 

historical observations at near-ground levels are lacking, so most biotic climate 

change studies are forced to use weather station or modeled (such as PRISM) data. 

To our knowledge, no biotic-climate change studies have attempted to 

reconstruct historical climate near-the-ground on a micro-site scale. Only two studies 

have recreated microclimates near-the-ground for use in biological studies, one in the 

Great Smoky Mountains, the other in the southern Sierra Nevada (Fridley 2009, 

Dingman et al. 2013). Therefore, local-scale data are lacking in maritime regions. 

Understanding these patterns is especially important in maritime regions because they 

could be refugia from increasingly warmer inland temperatures in the future 

(Ashcroft 2010, Torregrosa et al. 2013, Ackerly et al. 2015)  

Study focus 
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 Our study focuses on how physical conditions near-the-ground compare to 

scenarios generated at larger spatial scales by PRISM for the maritime region of 

central California. We analyzed spatial differences in meteorological data for Santa 

Cruz County, California, which has high topographic complexity and a wide variety 

of habitat types. Distance from the coast causes a gradient in temperature, due to 

maritime buffering, while elevation causes a gradient in precipitation, due to the 

orographic effect of the Santa Cruz Mountains. These terrain complexities could 

cause conditions near-the-ground to change over small areas, making the 4 km2 grid 

cells of PRISM too large to evaluate local weather and climate variability and change. 

To determine the local accuracy of PRISM, we deployed data loggers near-the-

ground at grassland and sandhill sites, and compared their data to outputs generated 

by PRISM. Finally, we used estimates of near-ground temperature to determine 

spatial patterns of climate change across the coast-inland gradient. 

The goals of this study were to:  

1) Characterize differences between PRISM and near-the-ground temperatures. 

2) Determine the spatial and topographic features that contribute to the differences 

between PRISM and temperatures near-the-ground.  

3) Determine how climate and climate variability have changed over time, using 

temperatures that we have corrected to estimate near-the-ground values. These 

values can be used in subsequent studies of biological response to climate change. 

 

Methods 



20 
 

Study area:  

All study sites are in the maritime region of the central California coast, in 

Santa Cruz County. This area has a Mediterranean-type climate: cool, wet winters, 

and warm, dry summers (Minnich 2007). Summer fog (May-September), primarily 

occurring midday, also influences this region, though primarily at elevations below 

400-600 m, which is the top of the marine layer (Sawaske and Freyberg 2015). We 

studied climate in uplifted Santa Margarita Sandstone and shale derived habitats, 

“sandhills” and “grasslands” respectively. These habitats also differ in dominant 

vegetation types; both soil type and vegetation type can influence microclimate near-

the-ground. We focused on ten sites that represent a variety of elevations, distances 

from the coast, and aspects (Table 1).   

Sandhill soils are composed of Zayante coarse sand 

(https://casoilresource.lawr.ucdavis.edu/gmap/), derived from Santa Margarita 

Sandstone (McGraw 2004). They were formed from sediments that were deposited in 

the Miocene, when sea level was higher and much of Santa Cruz County was 

submerged beneath the Pacific Ocean (McGraw 2004). Once sea level receded, they 

were subsequently uplifted when the Santa Cruz Mountains were formed (McGraw 

2004). Sandhills are narrowly distributed inland, and as such are considered hotpots 

of endemism because of their unique edaphic conditions. The dominant vegetation 

type is chaparral (species of the genera Arctostaphylos, Ceanothus, and Ericameria), 

with low-growing herbaceous plants (species of the genera Plagiobothrys, 
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Chorizanthe and Gilia) that colonize the open spaces. Because of their distribution, 

the four replicate study sites are clustered and experience relatively similar climates 

(Figure 1; Table 1). In general, they are located relatively far from the coast (6.9 

to13.7 km) and at high elevations (174 to 490 m; Table 1).  

Grassland soils are composed of Watsonville, Bonnydoon and Los Osos 

loams derived from shale, and, in comparison to sandhill soil, have more organic 

matter, are less coarse, more fertile, and darker colored 

(https://casoilresource.lawr.ucdavis.edu/gmap/). The vegetation is dominated by 

grasses, including the dominants Stipa pulchra, Danthonia californica, and Avena 

species, and herbs, including Lupinus nanus, Eschscholzia californica and Erodium 

botrys, that rarely exceed half a meter in height. Unlike the sandhills, grasslands in 

Santa Cruz County are distributed across a wide range of distances from the coast and 

elevations (Figure 1; Table 1). Therefore, the six sites we studied span a wide range 

of distances from the coast (3.0 to 12.3 km), and elevations (45 to 357 m; Table 1), 

but all grassland sites have some maritime climate influence. 

Near ground air temperature: 

We deployed one data logger per site at all 10 sites for at least 10 months 

between 2013 through 2015, to obtain a continuous record (every 15 minutes) of air 

temperature near-the-ground. This study, as well as others of near-ground 

temperature, define “near-ground” as 10-100 cm off the ground because the rate at 

which temperature changes due to distance above the ground begins to change 
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dramatically above 1 m, and temperature differences among heights below 1 m are 

typically relatively small (Geiger et al. 1995). We selected deployment locations 

based on where the loggers would be undisturbed by humans or wildlife, and could be 

attached to something and suspended above the ground. We also wanted to expose the 

data loggers to full sun during maximum temperature hours, so we deployed them in 

areas with little vegetation, so as not to shade the data loggers. We also attached them 

to something like a rebar pole, fence post or small leafless tree (diameter less than 10 

cm), via clamps extending from the side of the data logger, so that the data logger was 

not in direct contact with the surface of the object to which it was attached. Due 

limited site suitability, the height of deployment varied from 15 cm to 60 cm off the 

ground, and the aspect on which the data logger was deployed varied among sites. 

We used two different types of data loggers: HOBO Pendant Event data 

loggers (RG3 model, Onset Computer Corp., Bourne, MA) at sites BD, GW, GH, LC, 

MS, MF and SR, and USB temperature loggers (EL USB 2, Lascar Electronics, Erie, 

PA) at sites CH, QH and WA. The manufacturers stated that the HOBO data loggers 

are accurate to ± 0.53oC between 0 and 50oC, and the USB temperature loggers are 

accurate to ±0.5oC at temperatures below 80oC. We confirmed the data loggers’ 

accuracies by deploying both types of data loggers in 4 temperature regimes 

simultaneously: 5, 13, 20 and 30oC, and compared the readings to each other, and to a 

thermometer. The differences among the data loggers, and between the data loggers 

and thermometer were less than 0.72oC (one-way ANOVA was significant, 

p=0.0047), so we determined the margin of error for these devices was 1oC. 
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Correcting for solar radiation:  

Because solar radiation affected maximum temperatures we corrected for 

these effects. For the HOBO data loggers we compared afternoon temperatures for 3 

HOBO data loggers in the shade (shielded from solar radiation) and 3 in full sun for 

18 days. We fit a generalized additive model (GAM) to these data (mgcv package in 

R, Wood 2017), and then used the fitted model to predict the shade values from the 

daily maximum temperatures recorded by HOBOs from 2013-2015 in the field. First, 

we determined the relationship between sun and shade maximum temperatures, by 

fitting a GAM model with sun temperatures as the predictor, and shade temperatures 

as the dependent variable (r-squared = 0.91). Then we used the GAM model, 

parameterized using the values we collected in the sun and shade, to predict what the 

temperatures in the shade would have been for the temperatures in the sun that we 

collected from 2013-2015 in the field.  

We corrected for the effects of solar radiation for the USB data loggers by 

deploying HOBO data loggers at those sites from September 2016 through March 

2017, but protected from solar radiation by placing them in shaded areas, consistent 

with protocols we used with the other HOBOs. Therefore, for maximum temperature 

at these sites, we used the HOBO values recorded during this period.  

We used the minimum temperature values recorded by the USBs and HOBOs 

from 2013-2015 (and for the HOBOs redeployed in 2016-2017), since minimum 

temperatures occur at night and, therefore, are not affected by solar radiation. 
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PRISM:  

We used PRISM data at 4 km2 spatial resolution from October 1981 through 

March 2017. Our analyses were based on daily values of minimum and maximum 

temperature, and total daily precipitation. We obtained all grids cells that contained 

the study sites, though two sites, CH and GW, were located within the same grid cell. 

 We used annual water year, 1 October through 30 September, and divided the 

year into seasons based on precipitation patterns, focusing on winter (December 

through February) and summer (July through September).      

Statistics 

Spatial patterns in the differences between PRISM and near-ground temperatures 

 We evaluated effects of topography on differences between near-ground (data 

logger) air temperatures and PRISM temperatures. In general, the study sites differed 

significantly in the average differences between near-ground and PRISM for both 

maximum and minimum temperature in summer and winter (one way ANOVA, 

p<0.0001 for all, Supplementary Material Table 2). Also, differences between PRISM 

and near-ground minimum and maximum temperatures were not spatially 

autocorrelated, meaning that similarities among values were not due to the proximity 

of the sites to one another (Moran’s I, Supplementary Material Table 3).  

We tested the hypothesis that differences among sites were due to elevation, 

distance from coast, aspect/slope and habitat type; we chose these variables because 

they influence spatial patterns of climate, and we found that these variables are 
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individually significantly related to the differences between near-ground and PRISM 

temperatures (Supplementary material: Figure 3, Table 4). We also added height of 

data logger deployment, since temperature varies above the soil surface. Elevation, 

height, and distance from the coast were continuous variables, and habitat type (i.e., 

grassland and sandhills) was a factor. We coded aspect as a continuous variable from 

0-1 by comparing minimum and maximum temperature, and minimum and maximum 

temperature differences across the different aspects/slopes of our sites. Since north 

and south facing slopes differed the most, and west and east facing slopes were 

intermediate, we coded north facing slopes as 0, northeast/west as 0.25, east/west as 

0.5, southwest/east as 0.75 and south as 1. Flat areas were most similar to south 

facing slopes, and were coded as 1. Then, we z-transformed the continuous 

predictors: elevation, distance from the coast, height and aspect. To ensure all 

variables met the assumptions of linear models we used density plots to assess 

whether the variables were normally distributed, and ensured there was no pattern in 

the model residuals. We used multiple regression (lm function in R’s base package, R 

Core Team 2016), with daily differences between near-ground and PRISM minimum 

temperature or maximum temperature as dependent variables (in separate analyses), 

and habitat type, elevation, distance from coast, height, and aspect/slope as 

predictors; testing the null hypothesis that differences are uniform across topography 

(slope = zero). We did forward and backward stepwise variable selection using the 

StepAIC function in R (MASS package, Venables and Ripley 2002) to select the 

model with the lowest AIC value. Once we found the best fit models, we also ran 
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them again using the raw values (instead of the z-transformed) as predictors. Raw 

values allowed us to interpret change over space, z-transformed values allowed us to 

compare the effects of the different predictors. 

Climate change near-the-ground from 1982-2016 

i.   Estimating climate near-the-ground: After determining how near-ground air 

temperatures differed from PRISM, we applied this relationship to the entire study 

period to estimate site-specific, daily air temperature near-the-ground for all sites 

from 1982-2016. Since the relationship between PRISM and near-ground 

temperatures was dependent on physical conditions, we assumed the relationship did 

not change over time. Also, our comparisons from 2013-2015 captured a wide variety 

of weather, so most historical conditions were represented in those comparisons. 

However, future studies could determine if air temperature changes differently over 

time depending on height above the ground. We used the regression slope and 

intercept to calculate data logger (near-the-ground) values for all PRISM values: Data 

logger=(PRISM*slope) + intercept, transforming all variables to meet the 

assumptions of linear models. We used these values in the remainder of the analyses 

for temperature; for precipitation we used the PRISM values themselves since we did 

not assess this at each site. 

i.  Near-ground climate change over time: We used linear regression, with year as the 

predictor and yearly means of minimum and maximum temperature, and precipitation 

(separately) as dependent variables for each site and season independently. For 
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precipitation we examined both daily and seasonal totals, but only for winter (since 

summer rain is rare in Santa Cruz County). We used daily precipitation totals to 

determine if daily rainfall intensity has changed, so we only included days with above 

1 mm of rainfall (averaged for each site, season and year). To determine a proper 

intercept for our models, we coded 1981 as year zero, and 2016 as year 36. To ensure 

all variables met the assumptions of linear models we used density plots to assess 

whether the variables were normally distributed, and ensured the model residuals 

were randomly distributed. Minimum and maximum temperature met the assumptions 

of linear models, but we log transformed daily total precipitation.  

 We also examined how inter-annual variability has changed over time. First, 

we calculated the mean values of minimum temperature, maximum temperature and 

daily precipitation for each year, site and season, and transformed them to their z-

scores. Then we used these values to calculate 5 year rolling variances (var function, 

R base package, R Core Team 2016). We compared these values against year for each 

site and season to determine how the variance changes over time.  

For each regression, we tested the null hypothesis that the slope of the model 

was zero (no change over time). We also compared the slopes among sites (within 

each season). For each climate component and season for which more than one site 

had changed over time, we compared differences in confidence intervals (Wald test). 

We minimized Type-1 errors by dividing the experiment-wide error (P = 0.1) by the 

number of comparisons (10 for each site and season), so that the critical alpha was 
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0.01 for all comparisons. We also used this alpha value to adjust the Wald confidence 

levels. Analyses were performed in R, using the base package (R Core Team 2016).  

iii.  Spatial patterns of climate change near-the-ground: We assessed spatial patterns 

of climate change near-the-ground if the results from the previous analyses met two 

criteria. First, at least two sites showed significant air temperature or precipitation 

changes over time. Second, the amount of climate change differed among at least 

three sites, because below that number we would not be able to find a meaningful 

relationship to the topography variables. For each climate variable and season that 

met these two criteria, we used the slopes from the climate versus year models for 

each site as the response variable, and elevation, distance from the coast, aspect, 

height of data logger deployment, and habitat type as predictors (coded and z-

transformed as above) in a multiple regression. We used the lm function in R’s base 

package (R Core Team 2016) and did forward and backward stepwise variable 

selection using the StepAIC function in R (MASS package, Venables and Ripley 

2002) to select the model with the lowest AIC value.  

Results 

Spatial patterns in the differences between PRISM and near-ground temperatures 

 On average, air temperatures near-the-ground were warmer than those 

predicted by PRISM, with a few exceptions (Table 2). Minimum temperatures near-

the-ground were warmer than PRISM temperatures for both summer and winter at 

most sites (Table 2). Differences ranged from 1.4oC to 5.2oC in the summer, and 



29 
 

1.5oC to 5.8oC in the winter. Maximum air temperatures near-the-ground were also 

warmer than PRISM maximum temperatures, except in summer at site MS and in the 

winter at site CH, where the opposite occurred (Table 2). The differences for 

maximum temperature in the summer ranged from -1.6oC to 4.6oC, and in winter         

-1.7oC to 3.5oC. At the sandhill sites, differences between near-ground and PRISM 

minimum temperature were similar in summer and winter, but were larger in summer 

for maximum temperature. At grasslands summer maximum temperature differences 

were larger than winter, but for minimum temperature the opposite was true.  

The site differences between PRISM and near-ground maximum and 

minimum air temperatures were influenced by all topographic features, except for 

habitat type (was not included in any of the best fit models). Moreover, the impact of 

these topographic features differed between maximum and minimum temperature, 

and summer and winter. For minimum temperature, elevation had the largest effect on 

PRISM versus near-ground differences (z-score estimate) while, for maximum 

temperature, aspect had the largest effect on differences (Table 3). Flat areas and 

south facing slopes had larger differences between PRISM and near-ground air 

temperatures than northward facing slopes, but affected maxima more than minima. 

For maximum temperatures, differences on south-facing slopes and flat areas were 3 

to 4oC larger than on north facing slopes (since south facing slopes/flat areas were 

coded as 1 and north facing slopes were coded as 0, the difference between them 

equals the slope). By comparison, for minimum temperature, differences were only 1-

2.5oC larger on south facing slopes and flat areas than north facing slopes (Table 3). 
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Differences also were larger closer to the coast, except for summer maximum 

temperature, where distance from the coast was not in the best fit model (Table 3). 

However, only for winter minimum temperature was the difference at the site closest 

to the coast more than 1oC larger than the site farthest inland; suggesting that the 

coast-inland differences in differences between PRISM and near-ground summer 

minimum and winter maximum temperature were immeasurable by our data loggers 

(which had a margin of error of 1oC). Differences in minimum temperature increased 

with elevation, but the opposite was true for maximum temperatures. For minimum 

temperatures, differences increased by 0.67oC per 100 meters increase in altitude 

during winter, and 1oC per 100 meters during the summer (Table 3). For maximum 

temperatures, differences decreased by 0.37oC per 100 meters increase in altitude 

during the winter, and 0.33oC per 100 meters in the summer (Table 3).  

 Except for summer maximum temperature, differences between PRISM and 

near-ground air temperatures were larger higher off the ground. However, the 

differences at 60 cm (the height of the highest data logger) were slightly less than 1oC 

larger than at 15 cm (the height of the lowest data logger), which is within the margin 

of error for the instruments. This suggests that the heights at which we deployed our 

data loggers did not measurably affect differences between PRISM and near-ground 

air temperatures.  

Reconstructed conditions near-the-ground from 1982-2016 

Minimum air temperature 
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Minimum air temperature has increased in winter, but has not changed at any 

site during summer (Figure 2, Table 4). Increases in winter minimum temperature 

between 1982 and 2016 were not significant at four sites; but at the other sites, 

significant increases during the study period ranged from 1.5oC to 2.0oC. Also, 

minimum temperature at each site was highly variable, so the trends over time at sites 

that have not changed significantly over time were not different compared to the sites 

that have changed significantly over time (Figure 2, Table 4). However, this does not 

imply that all sites have slopes of zero; it simply means that even though at some sites 

minimum temperature change over time was significantly different than zero (zero 

was not included in the confidence interval of the slope), those sites’ confidence 

intervals overlapped with those of sites where change over time was not significantly 

different than zero (See Figure 4 in the Supplementary Material for a visual of this). 

In fact, most of the sites that had slopes not significantly different than zero had the 

largest standard error and confidence intervals. Also, the variance of minimum 

temperature has not changed over time at any site (Table 5). 

Maximum air temperature 

 Maximum air temperature has not changed in the winter, nor, except for one 

site, in summer (Table 6). While only one site had significant change, decrease by 

1.2oC during the study period, all sites had decreasing trends over time (Table 6). All 

sites’ confidence intervals overlapped with each other, indicating that there was high 

variation in maximum temperature at all sites (large confidence intervals of the slope; 
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Table 6); a similar situation to winter minimum temperature differences among sites. 

Inter-annual variability in maximum temperature has also changed over time, 

increasing in the winter at all sites, but decreasing in the summer at all sites except 

three (Table 7). In summer, the amount of change in inter-annual variability was 

consistent across sites, but in winter, varied across the sites (Table 7).  

Precipitation 

 Winter precipitation totals have not changed over time, but inter-annual 

variability has. Total seasonal rainfall (Table 8) and daily rainfall intensity (Table 9) 

have not changed over time at any site. However, the inter-annual variability of daily 

rainfall intensity has changed for some sites, decreasing at all sites except for three 

that have not changed (Table 10). There was also variation among the sites in the 

amount of change over time in inter-annual variation of daily rainfall intensity.  

Spatial patterns of climate change near-the-ground 

 Climate change near-the-ground was uniform across all sites except for inter-

annual variability in daily precipitation intensity (Tables 4-10). Decreases in daily 

rainfall intensity inter-annual variability were larger at higher elevations (Table 11).    

Discussion 

Spatial patterns in the differences between PRISM and near-ground temperatures 

Aspect, distance from the coast, and elevation all influenced the difference 

between PRISM and near-ground maximum and minimum air temperatures. The 
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patterns were somewhat consistent between summer and winter, and minimum and 

maximum temperatures. The effect of elevation was opposite for minimum and 

maximum temperatures. Increasing elevation increased differences in minimum 

temperatures, but reduced differences in maximum temperatures. The rate at which 

the two sources became decoupled is similar to adiabatic lapse rates for dry air in the 

summer (decrease of 0.98oC/100 m), and moist air in winter (decrease of 0.6oC/100 

m) for summer and winter minimum temperatures, respectively. This suggests that 

the two data sources differed in how they tracked actual air temperatures. Differences 

became larger closer to the coast for winter minimum temperature. Habitat type was 

not important for either variable for any season. Slope/aspect was the only 

topographic feature that had consistent effects; in all cases, differences were largest 

on south facing slopes and flat areas.  

 Slope/aspect, explained most of the differences among sites. For instance, the 

largest differences between PRISM and near-ground minimum temperatures were at a 

flat, relatively high elevation site. However, for summer and winter maximum 

temperature, the largest differences were at sites located in the middle of the site 

ranges for elevation, where the data loggers were on south facing slopes. For 

minimum and maximum temperature in all seasons, air temperatures near-the-ground 

were warmer than PRISM temperatures, except at one site each for winter and 

summer maximum temperature, where the opposite occurred. The only topographic 

commonality between these two sites is that they are not on south facing slopes.  
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 Our work is generally consistent with the few other studies comparing 

temperature at 2 m to near-ground temperatures. Near-ground temperatures are 

warmer than temperatures at 2 m because the ground and air above the ground 

exchange heat, but the boundary layer of the soil surface affects air temperatures 

closer to the ground (Geiger et al. 1995, Dingman et al. 2013). Further, compared to 

other aspects, south facing slopes (in the northern hemisphere) typically are much 

warmer near-the-ground than at 2 m (Dingman et al. 2013). South facing slopes have 

higher solar radiation interception which warms the ground, and heat exchange with 

the ground warms air near-the-ground more than at 2 m (due to boundary layer 

effects); whereas air temperature at 2 m might be influenced by wind (Desta et al. 

2004). We found no difference between the habitat types, despite their different soil 

types. In other studies, darker colored soils, such as those in the grasslands, absorb a 

certain portion of incoming shortwave solar radiation, whereas lighter colored soils, 

like those in the sandhills, reflect a portion of solar radiation. This leads to different 

amounts of longwave (i.e., infrared) radiation emission from darker soils that can 

contribute to warmer air temperatures near-the-ground compared to sites with lighter 

soils (Geiger et al. 1995). However, we controlled for shortwave solar radiation, 

which may explain the lack of difference between the habitat types. Also, sandhill 

soils have a low soil moisture content compared to grassland soils, so although darker 

grassland soils contribute to warmer air temperatures, this may be countered by its 

higher moisture content, (since water has a higher heat capacity), causing air near-the-

ground in to be similar in both habitat types.  
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 For these reasons, near-ground temperatures should be used when studying 

biotic responses to temperature for organisms near-the-ground. For example, using 

PRISM alone could predict suitable habitat outside a near-ground-dwelling species’ 

thermal tolerance. Moreover, PRISM cannot account for microclimates caused by 

elevation, distance from the coast, and aspect/slope. Microclimates are important 

determinants of livable areas, causing patchy distributions in plants, and influencing 

animal behavior (Geiger et al. 1995). For example, in the southern Sierra Nevada, 

temperature near-the-ground, downscaled to 30 m, predicted oak recruitment better 

than PRISM (Dingman et al. 2013).  

Climate change near-the-ground from 1982-2016 

At a global scale, both average and variability in minimum and maximum 

temperature and precipitation have increased (Pachauri and Meyer 2014). However, 

our study and others from coastal California have found differences from these global 

trends. In general, we observed very little significant change over time in climate 

trends, but we found some change in inter-annual variability. 

Minimum air temperature has increased in winter at all sites (change was 

significant at six sites), though inter-annual variability in minimum temperature has 

remained constant. Though most studies agree that minimum temperature has 

increased over time, the magnitude of increase is scale dependent. For example, in the 

entire central coast region (narrow coastal strip spanning from Bodega Bay to Point 

Conception) it did not warm significantly in the winter from 1970-2006, but 
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individual COOP stations in Santa Cruz warmed by around 0.17oC per decade 

(Cordero et al. 2011). Since minimum temperature in our study increased much more 

rapidly, 0.43-0.59oC per decade (Cordero et al. 2011), more warming must have 

occurred from 1980-2016 than 1970-2006. Finally, the only study that assessed 

changes in the variability of minimum temperature was consistent with ours; 

between1950-2000 the frequency of anomalous nighttime warming events has not 

changed over time for Santa Cruz County (Mastrandrea et al. 2011).  

In contrast, maximum air temperature in the summer has not changed. Other 

studies have found decreases in maximum temperature in coastal California, though 

they are usually smaller in magnitude than increases in minimum temperature 

(Cordero et al. 2011). During the winter, inter-annual variability in maximum 

temperature has increased at all sites. Future studies could explain this pattern by 

examining winter daytime anomalies. 

 Other studies of coastal California (that include our study area) suggest that 

patterns of temperature change over time were caused by increased cloud cover 

and/or increased wind coming from the ocean (Lebassi et al. 2009, Lebassi-Habtezion 

et al. 2011). At night, increasing cloud cover trapped and reradiated heat from the 

land surface, causing warming of minimum temperatures (Iacobellis and Cayan 

2013). Similarly, increasing wind over time increased the presence of moist air from 

the ocean, which raises minimum temperatures (Lebassi et al. 2009, Iacobellis and 

Cayan 2013). By contrast, during the day, increasing cloud cover and wind could 
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have prevented maximum temperatures from increasing over time (Lebassi et al. 

2009, Lebassi-Habtezion et al. 2011, Iacobellis and Cayan 2013), and, might also 

explain the decreases in inter-annual variability in summer maximum temperature we 

found. However, fog has decreased in this region, which should have caused an 

increase in daytime temperatures (Johnstone and Dawson 2010).  

We did not observe any changes in winter precipitation trends over time in 

terms of totals or for daily rainfall intensity, which is consistent with most other 

studies in California (Kadir et al. 2013, Diffenbaugh et al. 2015, Swain et al. 2016), 

but inter-annual variability in daily rainfall intensity has decreased at most sites. This 

is because California’s naturally high inter-annual variation in precipitation swamps 

any of the signal of human activity, specifically decreases in precipitation linked to 

increases in greenhouse gases (Seager et al. 2015). It is difficult to compare our 

results for inter-annual variability in daily rainfall intensity to other studies, because 

other studies use different metrics to assess variation; for example, number of 

consecutive dry days, number of heavy rainfall days, and number of drought and 

flood years in a given time period. In California as a whole, drought and floods are 

becoming more severe and frequent (Hamlet and Lettenmaier 2007a, Diffenbaugh et 

al. 2015, Swain et al. 2016), so future studies could examine whether this pattern 

holds true across Santa Cruz County.  

Spatial patterns of climate change near-the-ground 
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 The only climate component that changed differently among the sites was 

inter-annual variability in daily rainfall intensity, for which decreases were larger at 

lower elevations than higher elevations. Changes in precipitation patterns over time 

are usually influenced by large scale circulation patterns (Pachauri and Meyer 2014), 

and our results suggest that orographic effects influence not only precipitation 

patterns, but changes in precipitation patterns over time. 

Sites did not differ in the amount of change over time in air temperature, 

which suggests temperature change is uniform across all topographic features. In 

other words, no topographic feature provides refuge from the effects of temperature 

change over time, which is inconsistent with other studies. Generally, high elevations, 

north facing slopes, and areas near water or with high humidity are expected to warm 

less (Fridley 2009, Ashcroft 2010, Ackerly et al. 2015, Lesser and Fridley 2016). Our 

highest elevation site is less than 500 m, and although temperatures differ by 3-4oC 

over the site ranges of elevation, perhaps this is not high enough to be buffered from 

temperature change to produce an elevational gradient in temperature change. 

Similarly, we did not measure cloud cover or humidity at the sites, so perhaps the 

coast to inland gradient is also not large enough to cause spatial differences in climate 

change. Finally, the lack of influence of aspect on climate change might be due to 

wind patterns. For example, in Australia, minimum temperature warmed less in areas 

with higher exposure due to warmer winds coming from the north, and cooler winds 

coming from the south (Ashcroft et al. 2009). South facing slopes at our sites face the 
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ocean, and cool ocean winds could dampen the effect of sun exposure, making the 

effects of climate change equal on north and south facing slopes.  

Conclusions 

 The use of information from databases such as PRISM could be problematic 

for studying the responses of biota to weather and climate. First, temperature at 15 to 

60 cm above the ground, where many biological processes occur, was generally 

warmer than temperature at 2 m above the ground, where meteorological stations 

measure air temperature that is used for spatial interpolation by PRISM. Moreover, 

the differences between PRISM and near-ground temperatures differed due to 

topographic features (though their effects differed between winter and summer, and 

for minimum and maximum air temperatures), yet PRISM cannot resolve topographic 

variation at scales smaller than 4 km2.  

 Given the biological importance of microclimate near-the-ground, we 

reconstructed air temperature near-the-ground from 1982-2016 to examine change 

over time in microclimate (and used PRISM precipitation values for that time period).  

In winter, minimum temperature near-the-ground has increased over time (at most 

sites), but no other season or climate variable had significant trends over time. Inter- 

annual variation in maximum temperature has generally increased in the winter and 

decreased in the summer, and has decreased for winter daily rainfall intensity. The 

only spatial variation in climate change we found was for inter-annual variation in 

daily rainfall intensity; higher elevations also had the largest changes in inter-annual 
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variation of daily rainfall intensity over time, with larger decreases. Overall, climate 

change on central coast of California has been minimal since few conditions changed. 

Our study also demonstrates that reconstructing historical microclimate near-the-

ground can easily be accomplished using a network of near-ground data loggers 

coupled with PRISM data, and would be more relevant to biotic studies of climate 

change over time than using PRISM or data loggers alone.   
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Chapter 1: Figures and Tables 

 
Table 1: Site attributes and location. Throughout the paper, sites are ordered by habitat type (sandhill site names are in bold), 
and then, within each habitat type, are listed in order of their distances from the coast (first listed is closest to coast). 
Site Site 

code 
Habitat 
type 

Distance from 
coast (km) 

Elevation (m) Aspect Latitude Longitude 

Bonny Doon Ecological 
Reserve 

BD Sandhills 
6.9 490 Flat 37.05095 -122.138 

Henry Cowell State Park GH Sandhills 8.7 224 South 37.03768 -122.049 
Quail Hollow Ecological 
Reserve 

QH Sandhills 
13.7 185 West 37.08151 -122.058 

Quail Hollow Quarry SR Sandhills 12.6 174 Flat 37.07072 -122.064 
Moore Creek Preserve MS Grassland 3.0 106 Northeast 36.97864 -122.068 
Watsonville Airport WA Grassland 6.0 45 Flat 36.93809 -121.788 
Marshall Field MF Grassland 7.1 357 Flat 37.02250 -122.085 
Cupcake Hill CH Grassland 11.7 238 West 37.06997 -122.010 
Glenwood Preserve GW Grassland 11.8 220 Southwest 37.07100 -122.001 
Lucilles Court  LC Grassland 12.3 258 South 37.14652 -122.155 
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Figure 1: Location of sites. 

 
 
Table 2: Average differences between PRISM and near ground minimum and 
maximum temperatures, plus standard error, for each site year. Tmin= minimum 
temperature, Tmax = maximum temperature. See Supplementary Material Table 1 for 
comparisons among the sites. The margin of error on the data loggers is 1oC so 
differences above 1oC (including standard error) are considered actual temperature 
differences (versus differences due to instrument error), and are bolded. 
Site Tmax Summer Tmax Winter Tmin Summer Tmin Winter 
BD  0.92 ± 0.36  1.13 ± 0.25 5.16 ± 0.18 5.82 ± 0.23 

GH  4.55 ± 0.25  2.44 ± 0.23 0.31 ± 0.13 2.00 ± 0.21 

SR  3.48 ± 0.31  2.81 ± 0.20 2.31 ± 0.20 3.83 ± 0.27 

QH  1.55 ± 0.98  0.39 ± 0.37 0.18 ± 0.16 0.57 ± 0.20 
MS -1.59 ± 0.27  1.47 ± 0.22 0.77 ± 0.19 2.67 ± 0.15 

WA  0.79 ± 1.10  1.72 ± 0.23 0.36 ± 0.13 1.48 ± 0.17 

MF  4.15 ± 0.29  3.09 ± 0.23 3.04 ± 0.21 3.19 ± 0.18 

CH -0.11 ± 1.10 -1.73 ± 0.42 0.33 ± 0.17 0.18 ± 0.19 
GW  3.41 ± 0.33  1.09 ± 0.24 1.44 ± 0.17 1.99 ± 0.16 

LC  2.73 ± 0.25  3.51 ± 0.22 2.30 ± 0.15 4.75 ± 0.30 

 
 
 
 
 
 
 



50 
 

Table 3: The best topographic predictors of differences between PRISM and near-ground temperatures. Results of multiple 
regression ANOVA, predictors shown are those included in the best fit model after stepwise variable selection. F value and P 
values test the null hypothesis that the slope (estimate) is equal to zero. Estimate, SE, Sum Sq, and F value all assess z scores 
of the predictors, to compare effect size of the predictors. Estimate (r) and SE (r) are the slopes and SE of raw values of the 
predictors, for easier interpretation of their values. P values are the same for both raw and z transformed predictors. Degrees of 
freedom for each predictor are 1. 

Variable/Season DF Predictor Slope ± SE Slope ± SE (r) Sum Sq F value P value 

Minimum 
temperature 

winter 
1862 

Intercept 2.67 ± 0.07 -0.139 ± 0.311 13122.7 1385.68 <0.0001 
Elevation (m) 0.70 ± 0.08 0.006 ± 0.001 749.5 79.14 <0.0001 
Distance from coast (km) -0.40 ± 0.07 -0.123 ± 0.021 319.2 33.70 <0.0001 
Aspect 0.55 ± 0.08 2.104 ± 0.292 492.4 51.99 <0.0001 
Height (cm) 0.49 ± 0.08 0.028 ± 0.005 344.9 36.42 <0.0001 

Minimum 
temperature 

summer 
1276 

Intercept 1.61 ± 0.06 -1.165 ± 0.271 3273.5 768.68 <0.0001 
Elevation (m) 1.21 ± 0.06 0.010 ± 0.001 1536.4 360.77 <0.0001 
Distance from coast (km) -0.24 ± 0.06 -0.070 ± 0.018 70.8 16.63 0.0001 
Aspect  0.44 ± 0.07 1.337 ± 0.242 185.6 43.59 <0.0001 
Height (cm) -0.25 ± 0.06 0.028 ± 0.005 68.6 16.10 <0.0001 

Maximum 
temperature 

winter 
1496 

Intercept 1.73 ± 0.08 -0.132 ± 0.342 4297.9 422.34 <0.0001 
Elevation (m) -0.46 ± 0.09 -0.004 ± 0.001 261.4 25.69 <0.0001 
Distance from coast (km) -0.26 ± 0.09 -0.080 ± 0.026 94.5 9.29 0.0008 
Aspect 0.92 ± 0.10 3.534 ± 0.374 910.5 89.47 <0.0001 
Height (cm) 0.39 ± 0.09 0.022 ± 0.005 190.2 18.69 <0.0001 

Maximum 
temperature 

summer 
967 

Intercept 2.25 ± 0.12 -0.173 ± 0.274 4438.4 335.53 <0.0001 
Elevation (m) -0.81 ± 0.14 -0.003 ± 0.001 456.8 34.53 <0.0001 
Aspect 1.87 ± 0.15 3.419 ± 0.347 2149.7 162.51 <0.0001 
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Table 4: Changes in minimum temperatures from 1982-2016. Results of linear regressions of minimum temperature, averaged 
for each site, season, and year, versus year; T value and P value test the null hypothesis that the slope (estimate) is significantly 
different than zero (significant, non-zero slopes indicate change over time). LCL and UCL are the Wald confidence levels of 
the slope, adjusted for multiple comparisons (10 comparisons per season). “Slope group” tests if the slopes are significantly 
different from each other (within the Wald confidence intervals) within each season. Within each season, sites with shared 
letters do not have significantly different slopes. Bold values indicate significance of the p value at critical alpha = 0.01.   
Site Season Intercept ± SE Slope ± SE T value P value R squared LCL UCL Slope Group 
BD summer 6.70 ± 0.15 0.013 ± 0.007 1.68 0.1023 0.079 . . . 
GH summer 9.59 ± 0.23 0.015 ± 0.012 1.31 0.1987 0.050 . . . 

QH summer 9.65 ± 0.17 0.016 ± 0.009 1.87 0.0703 0.096 . . . 
SR summer 7.43 ± 0.21 0.021 ± 0.011 2.02 0.0511 0.110 . . . 
MS summer 9.40 ± 0.23 0.014 ± 0.012 1.21 0.2349 0.042 . . . 
WA summer 10.6 ± 0.27 0.021 ± 0.014 1.58 0.1232 0.070 . . . 
MF summer 7.69 ± 0.19 0.012 ± 0.009 1.27 0.2135 0.046 . . . 
CH summer 10.21 ± 0.17 0.015 ± 0.009 1.66 0.1070 0.077 . . . 
GW summer 9.12 ± 0.20 0.017 ± 0.010 1.66 0.1070 0.077 . . . 
LC summer 7.19 ± 0.19 0.022 ± 0.010 2.32 0.0265 0.141 . . . 
BD winter -0.01 ± 0.29 0.043 ± 0.015 2.92 0.0062 0.206 0.002 0.084 A 
GH winter 0.88 ± 0.42 0.057 ± 0.021 2.66 0.0120 0.177 -0.003 0.116 A 
QH winter 3.24 ± 0.31 0.046 ± 0.016 2.93 0.0061 0.206 0.002 0.090 A 
SR winter -1.34 ± 0.40 0.059 ± 0.020 2.90 0.0065 0.204 0.002 0.116 A 
MS winter 2.83 ± 0.42 0.039 ± 0.021 1.80 0.0810 0.089 -0.022 0.099 A 
WA winter 3.24 ± 0.43 0.031 ± 0.022 1.40 0.1704 0.056 -0.031 0.092 A 
MF winter 0.85 ± 0.35 0.046 ± 0.018 2.63 0.0129 0.173 -0.003 0.096 A 
CH winter 3.84 ± 0.32 0.049 ± 0.016 3.05 0.0045 0.220 0.004 0.095 A 
GW winter 1.83 ± 0.37 0.056 ± 0.019 3.05 0.0045 0.220 0.004 0.108 A 
LC winter -0.04 ± 0.34 0.058 ± 0.017 3.36 0.0020 0.254 0.010 0.107 A 
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Table 5: Changes in interannual variability of minimum temperature from 1982-2016. Results of linear regression of five year 
rolling variances of minimum temperature, averaged for each site, season, and year, versus year; T value and P value test the 
null hypothesis that the slope (estimate) is significantly different than zero (significant, non-zero slopes indicate change over 
time). Since no sites showed significant changes over time, we did not compare change over time among the sites. Degrees of 
freedom are 29 for both summer and winter. 

Site Season Intercept ± SE Slope ± SE T value P value R squared 
BD summer 0.015 ± 0.002 -0.0001 ± 0.0001 -1.06 0.2974 0.037 
GH summer 0.023 ± 0.008 0.0004 ± 0.0004 0.90 0.3730 0.027 
QH summer 0.013 ± 0.004 0.0002 ± 0.0002 0.93 0.3589 0.029 
SR summer 0.021 ± 0.006 0.0002 ± 0.0003 0.75 0.4571 0.019 
MS summer 0.022 ± 0.009 0.0005 ± 0.0005 0.89 0.3797 0.027 
WA summer 0.043 ± 0.012 -0.0005 ± 0.0007 -0.73 0.4688 0.018 
MF summer 0.020 ± 0.004 0.0000 ± 0.0002 -0.10 0.9225 <0.001 
CH summer 0.015 ± 0.004 0.0001 ± 0.0002 0.59 0.5597 0.012 
GW summer 0.019 ± 0.005 0.0002 ± 0.0003 0.59 0.5597 0.012 
LC summer 0.022 ± 0.005 0.0000 ± 0.0002 -0.11 0.9133 <0.001 
BD winter 0.060 ± 0.008 -0.0008 ± 0.0004 -1.98 0.0571 0.119 
GH winter 0.117 ± 0.014 -0.0013 ± 0.0008 -1.73 0.0940 0.094 
QH winter 0.066 ± 0.009 -0.0008 ± 0.0005 -1.73 0.0944 0.093 
SR winter 0.113 ± 0.014 -0.0015 ± 0.0008 -1.93 0.0631 0.114 
MS winter 0.072 ± 0.017 0.0014 ± 0.0009 1.52 0.1391 0.074 
WA winter 0.115 ± 0.017 -0.0012 ± 0.0009 -1.27 0.2136 0.053 
MF winter 0.077 ± 0.010 -0.0008 ± 0.0005 -1.38 0.1770 0.062 
CH winter 0.072 ± 0.011 -0.0010 ± 0.0006 -1.71 0.0984 0.091 
GW winter 0.094 ± 0.014 -0.0013 ± 0.0008 -1.71 0.0984 0.091 
LC winter 0.090 ± 0.013 -0.0014 ± 0.0007 -2.01 0.0538 0.122 
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Table 6: Changes in maximum temperatures from 1982-2016. Results of linear regressions of maximum temperature, averaged 
for each site, season, and year, versus year; T value and P value test the null hypothesis that the slope (estimate) is significantly 
different than zero (significant, non zero slopes indicate change over time). LCL and UCL are the Wald confidence levels of 
the slope, adjusted for multiple comparisons (10 comparisons per season). “Slope group” tests if the slopes are significantly 
different from each other (within the Wald confidence intervals) within each season. Within each season, sites with shared 
letters do not have significantly different slopes. Since no sites showed significant changes over time, we did not compare 
change over time among the sites for winter. Bold values indicate significance of the p value at critical alpha = 0.01. 
Site Season Intercept ± SE Slope ± SE T value P value R squared LCL UCL Slope Group 
BD summer 25.43 ± 0.25 -0.031 ± 0.013 -2.45 0.0197 0.079 -0.067 0.005 A 
GH summer 22.92 ± 0.20 -0.028 ± 0.010 -2.70 0.0110 0.050 -0.056 0.001 A 
QH summer 26.20 ± 0.24 -0.026 ± 0.012 -2.15 0.0389 0.096 -0.059 0.008 A 
SR summer 24.69 ± 0.22 -0.021 ± 0.011 -1.93 0.0624 0.110 -0.052 0.01 A 
MS summer 19.27 ± 0.25 -0.031 ± 0.012 -2.48 0.0182 0.042 -0.066 0.004 A 
WA summer 20.16 ± 0.33 -0.016 ± 0.017 -0.96 0.3459 0.070 -0.063 0.031 A 
MF summer 21.66 ± 0.24 -0.035 ± 0.012 -2.85 0.0075 0.046 -0.069 -0.001 A 
CH summer 26.97 ± 0.23 -0.027 ± 0.012 -2.31 0.0273 0.077 -0.060 0.006 A 
GW summer 25.08 ± 0.20 -0.024 ± 0.010 -2.31 0.0273 0.077 -0.053 0.005 A 
LC summer 24.46 ± 0.24 -0.016 ± 0.012 -1.30 0.2038 0.141 -0.049 0.018 A 
BD winter 14.43 ± 0.27 0.001 ± 0.014 0.06 0.9557 0.206 . . . 
GH winter 15.02 ± 0.19 0.004 ± 0.009 0.43 0.6693 0.177 . . . 
QH winter 14.85 ± 0.24 0.003 ± 0.012 0.25 0.8061 0.206 . . . 
SR winter 14.52 ± 0.22 0.003 ± 0.011 0.27 0.7889 0.204 . . . 
MS winter 16.32 ± 0.19 0.005 ± 0.010 0.50 0.6204 0.089 . . . 
WA winter 14.97 ± 0.26 0.013 ± 0.013 0.97 0.3367 0.056 . . . 
MF winter 13.54 ± 0.20 0.004 ± 0.010 0.44 0.6653 0.173 . . . 
CH winter 15.94 ± 0.24 0.003 ± 0.012 0.25 0.8050 0.220 . . . 
GW winter 15.38 ± 0.21 0.003 ± 0.011 0.25 0.8050 0.220 . . . 
LC winter 13.69 ± 0.24 0.001 ± 0.012 0.04 0.9663 0.254 . . . 
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Table 7: Changes in interannual variability of maximum temperature from 1982-2016. Results of linear regression of five year 
rolling variances of maximum temperature, averaged for each site, season, and year, versus year; T value and P value test the 
null hypothesis that the slope (estimate) is significantly different than zero (significant, non zero slopes indicate change over 
time). LCL and UCL are the Wald confidence levels of the slope, adjusted for multiple comparisons (10 comparisons per 
season). “Slope group” tests if the slopes are significantly different from each other (within the Wald confidence intervals) 
within each season. Within each season, sites with shared letters do not have significantly different slopes. Degrees of freedom 
are 29 for both summer and winter. Bold values indicate significance of the p value at critical alpha = 0.01.  
Site Season Intercept ± SE Slope ± SE T value P value R squared LCL UCL Slope Group 
BD summer 0.044 ± 0.008 -0.0014 ± 0.0004 -3.22 0.0032 0.263 -0.0027 -0.0002 A 
GH summer 0.027 ± 0.005 -0.0009 ± 0.0003 -3.25 0.0029 0.267 -0.0017 -0.0001 A 
QH summer 0.041 ± 0.008 -0.0013 ± 0.0004 -2.99 0.0056 0.236 -0.0025 -0.0001 A 
SR summer 0.035 ± 0.007 -0.0010 ± 0.0004 -2.81 0.0088 0.214 -0.0020 0.0000 A 
MS summer 0.029 ± 0.007 -0.0006 ± 0.0004 -1.70 0.0995 0.091 -0.0016 0.0004 A 
WA summer 0.062 ± 0.013 -0.0014 ± 0.0007 -2.03 0.0513 0.125 -0.0033 0.0005 A 
MF summer 0.036 ± 0.007 -0.0011 ± 0.0004 -3.16 0.0037 0.256 -0.0021 -0.0001 A 
CH summer 0.038 ± 0.008 -0.0012 ± 0.0004 -3.03 0.0051 0.240 -0.0024 -0.0001 A 
GW summer 0.030 ± 0.006 -0.0010 ± 0.0003 -3.03 0.0051 0.240 -0.0019 -0.0001 A 
LC summer 0.038 ± 0.007 -0.0009 ± 0.0004 -2.31 0.0285 0.155 -0.0020 0.0002 A 
BD winter -0.004 ± 0.006 0.0016 ± 0.0003 4.66 0.0001 0.429 0.0006 0.0026 Y 
GH winter 0.001 ± 0.003 0.0007 ± 0.0002 4.31 0.0002 0.391 0.0002 0.0011 Z 
QH winter 0.005 ± 0.005 0.0010 ± 0.0003 3.80 0.0007 0.332 0.0003 0.0018 ZY 
SR winter 0.003 ± 0.004 0.0009 ± 0.0002 3.94 0.0005 0.348 0.0003 0.0015 Z 
MS winter 0.000 ± 0.003 0.0008 ± 0.0002 5.15 <0.0001 0.478 0.0004 0.0012 Z 
WA winter 0.006 ± 0.006 0.0011 ± 0.0003 3.37 0.0022 0.281 0.0002 0.0020 ZY 
MF winter 0.001 ± 0.003 0.0008 ± 0.0002 4.55 0.0001 0.416 0.0003 0.0014 Z 
CH winter 0.006 ± 0.005 0.0009 ± 0.0003 3.69 0.0009 0.320 0.0002 0.0017 ZY 
GW winter 0.005 ± 0.004 0.0007 ± 0.0002 3.69 0.0009 0.320 0.0002 0.0013 Z 
LC winter 0.004 ± 0.005 0.0010 ± 0.0003 3.64 0.0011 0.313 0.0002 0.0018 ZY 
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Table 8: Changes in winter total seasonal precipitation from 1982-2016. Results of 
linear regressions of total precipitation, for each site, season, and year, versus year; T 
value and P value test the null hypothesis that the slope (estimate) is significantly 
different than zero (significant, non zero slopes indicate change over time). Since no 
sites showed significant changes over time, we did not compare change over time 
among the sites. 

Site Intercept ± SE Slope ± SE T value P value R squared 
BD 11.25 ± 0.46 -0.015 ± 0.023 -0.68 0.504 0.013 
GH 10.58 ± 0.43 -0.012 ± 0.021 -0.54 0.591 0.009 
QH 10.61 ± 0.44 -0.012 ± 0.022 -0.56 0.582 0.009 
SR 10.81 ± 0.44 -0.013 ± 0.022 -0.61 0.547 0.011 
MS 9.34 ± 0.39 -0.011 ± 0.019 -0.59 0.556 0.010 
WA 8.35 ± 0.35 -0.009 ± 0.017 -0.54 0.592 0.009 
MF 10.53 ± 0.43 -0.014 ± 0.021 -0.67 0.510 0.013 
CH 10.34 ± 0.43 -0.011 ± 0.021 -0.52 0.607 0.008 
GW 10.34 ± 0.43 -0.011 ± 0.021 -0.52 0.607 0.008 
LC 10.18 ± 0.42 -0.005 ± 0.021 -0.22 0.824 0.001 

 
 
 
 
 
Table 9: Changes in winter daily rainfall intensity from 1982-2016. Results of linear 
regressions of daily rainfall intensity, averaged for each site, season, and year, versus 
year; T value and P value test the null hypothesis that the slope (estimate) is 
significantly different than zero (significant, non zero slopes indicate change over 
time). Since no sites showed significant changes over time, we did not compare 
change over time among the sites. 

Site Intercept ± SE Slope ± SE T value P value R squared 
BD 2.00 ± 0.07 0.002 ± 0.003 0.59 0.5561 0.011 
GH 1.94 ± 0.07 0.002 ± 0.004 0.65 0.5207 0.013 
QH 1.92 ± 0.07 0.003 ± 0.003 0.82 0.4159 0.020 
SR 1.95 ± 0.07 0.003 ± 0.003 0.82 0.4171 0.020 
MS 1.81 ± 0.06 0.002 ± 0.003 0.49 0.6262 0.007 
WA 1.65 ± 0.06 0.003 ± 0.003 0.92 0.3660 0.025 
MF 1.94 ± 0.07 0.001 ± 0.003 0.30 0.7664 0.003 
CH 1.86 ± 0.07 0.003 ± 0.003 0.99 0.3278 0.029 
GW 1.86 ± 0.07 0.003 ± 0.003 0.99 0.3278 0.029 
LC 1.83 ± 0.07 0.003 ± 0.003 0.88 0.3847 0.023 
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Table 10: Changes in winter inter-annual variability of daily rainfall intensity from 1982-2016. Results of linear regression of 
five year rolling variances of daily rainfall intensity, averaged for each site, season and year, versus year; T value and P value 
test the null hypothesis that the slope (estimate) is significantly different than zero (significant, non zero slopes indicate change 
over time). LCL and UCL are the Wald confidence levels of the slope, adjusted for multiple comparisons (10 comparisons per 
season). “Slope group” tests if the slopes are significantly different from each other (within the Wald confidence intervals) 
within each season. Within each season, sites with shared letters do not have significantly different slopes. Degrees of freedom 
are 29 for both summer and winter. Bold values indicate significance of the p value at critical alpha = 0.01.  

Site Intercept ± SE Slope ± SE T value P value R squared LCL UCL Slope Group 
BD 0.123 ± 0.012 -0.0043 ± 0.0006 -6.71 <0.0001 0.608 -0.0060 -0.0025 Z 
GH 0.082 ± 0.016 -0.0013 ± 0.0009 -1.42 0.1658 0.065 -0.0038 0.0012 YX 
QH 0.102 ± 0.013 -0.0031 ± 0.0007 -4.28 0.0002 0.387 -0.0051 -0.0011 Z 
SR 0.104 ± 0.012 -0.0031 ± 0.0006 -4.91 <0.0001 0.454 -0.0049 -0.0013 Z 
MS 0.046 ± 0.018 0.0007 ± 0.0010 0.65 0.5201 0.014 -0.0022 0.0035 XW 
WA 0.023 ± 0.018 0.0022 ± 0.0010 2.30 0.0285 0.155 -0.0005 0.0049 W 
MF 0.120 ± 0.014 -0.0040 ± 0.0008 -5.15 <0.0001 0.478 -0.0062 -0.0018 Z 
CH 0.083 ± 0.013 -0.0021 ± 0.0007 -2.93 0.0065 0.229 -0.0041 -0.0001 Y 
GW 0.083 ± 0.013 -0.0021 ± 0.0007 -2.93 0.0065 0.229 -0.0041 -0.0001 Y 
LC 0.096 ± 0.015 -0.0029 ± 0.0008 -3.41 0.0019 0.286 -0.0052 -0.0005 Z 
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Figure 2: Changes in average yearly minimum temperature in the winter. Points are 
yearly averages of daily values for each winter for each site. 

 
Table 11: The best topographic predictor of change in interannual variation in winter 
daily rainfall intensity over time. Results of multiple regression ANOVA; predictors 
shown are those included in the best fit model after stepwise variable selection. F 
value and P values test the null hypothesis that the slope (estimate) is equal to zero. 
Model degrees of freedom=8, degrees of freedom for each predictor are 1.  
Predictor Slope SE Sum Sq F value P value 
Intercept -0.0021 0.0004 0.00005 35.77 0.0003 
Elevation (m) -0.0012 0.0004 0.00001 10.67 0.0114 
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 Chapter 2: Plant functional traits and phenological responses to climate in 

coastal California 

 

Abstract 

Climate influences plant phenology and has caused phenological shifts over 

time and space, but responses are often species specific. We examined flowering 

phenology responses to climate using a historical dataset of flowering observations 

from the 1990s along with resurveys from 2011 through 2015 in Santa Cruz County, 

CA. Santa Cruz County is located within the maritime climate zone, and the study 

sites represented two habitat types: inland sandhills, and grasslands distributed from 

coast to inland, at which we surveyed all species in the community. We compared 

first and last flowering date, and flowering duration between the two survey periods 

(historical versus resurveys), and between plants from coast versus inland grasslands. 

We used a random forest analysis to determine the seasons in which each species was 

sensitive to each climate variable, and then used generalized linear models to 

determine how phenology responded to climate in those seasons.   

Plants began and ended flowering earlier, and lengthened flowering duration 

in the resurveys (2011-2015), compared to the historical surveys (1989-1998). Also, 

plants at coastal grasslands began flowering earlier in the year than conspecifics at 

inland grasslands. Since high minimum temperature and low precipitation advanced 

first and last flowering dates, like at the coast and in the resurveys, these climate 

components likely drove the temporal and spatial patterns we observed. We also 

explored whether species with similar phenological responses to climate had a similar 



59 
 

suite of traits. We hypothesized that phenological responses to climate represented 

two adaptive strategies: avoidance versus tolerance of the Mediterranean climate’s 

hot, dry summers. Therefore we assessed how traits that characterized drought 

tolerance and heat tolerance, plus other ecological traits, such as life-history, 

functional group and whether a species was native versus not native to California, 

were linked to phenological response to climate. Leaf flatness and native versus non-

native, and timing of sensitivity to the climate variables predicted differences among 

species in phenological response to climate. However, we found little support for the 

stress tolerance versus avoidance hypothesis.  

 

Introduction 

 Phenology, or the timing of life cycle events, has changed over time and 

varies by location (Menzel 2006b, Parmesan 2007). It is often cued by climate factors 

that contribute to spatial and temporal variation (Menzel 2006a), yet phenological 

responses to climate differ among species (Sherry et al. 2007, Diez et al. 2012). We 

used a long-term, multi-location dataset to examine spatial and temporal flowering 

phenology change related to climate. Since responses were species specific, we tested 

the hypothesis that among-species differences could be predicted by functional traits. 

Since warming generally causes earlier flowering, plants in warmer, lower 

latitudes and altitudes, flower earlier than those in cooler, higher latitudes and 

altitudes (Haggerty and Galloway 2011, Frei et al. 2014, Liang 2016). Spatial patterns 

of phenology are also influenced by rainfall (Crimmins et al. 2013): higher rainfall 
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generally lengthens the growing season (Zhang et al. 2013, Ramos et al. 2015); 

however, where rainfall is low but unpredictable, plants may bloom several times 

throughout the growing season in response to sporadic rainfall events (Crimmins et 

al. 2013).  

Phenology has also changed over time in response to anthropogenic climate 

change. Since it has become warmer earlier in the year, affecting timing of green-up 

and flowering initiation, and cooler later in the year, affecting timing of senescence, 

plants generally have shifted flowering times to earlier in the year and have extended 

their growing seasons (Menzel et al. 2006a, Schwartz and Hanes 2010, Cook et al. 

2012). Plants have shorter flowering seasons where anthropogenic climate change has 

caused more frequent and intense droughts (Crimmins et al. 2013, Ramos et al. 2015); 

shorter flowering with drought reflects either an earlier end to flowering that avoids 

late season environmental stress (Franks et al. 2007), or later onsets of flowering due 

to low photosynthetic rates (Llorens and Peñuelas 2005, Crimmins et al. 2011, 2013).  

Finally, the amount of phenological change over time varies spatially. More 

phenological change has occurred in areas that have become warmer, compared to 

areas that have not warmed or warmed less (Menzel et al. 2006a, Parmesan 2007, Doi 

and Takahashi 2008). For example, Ginkgo biloba and Acer palmatum delayed leaf 

coloring less at lower latitudes than higher latitudes in Japan (Doi and Takahashi 

2008). While no studies have made similar spatial comparisons for precipitation, it is 

likely that areas with the most change in precipitation should have the most 

phenological change over time in response.  
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Variation in phenological responses to climate change within communities 

Despite the general patterns of responses to climate change, species often have 

diverse responses even within a single community (Sherry et al. 2007, Diez et al. 

2012). Since minimum temperature, maximum temperature and precipitation have all 

changed differently over time since the onset of anthropogenic climate change 

(Pachauri and Meyer 2014), variation in phenological response to climate change may 

arise because species use different climate variables to cue phenology (Crimmins et 

al. 2010). Climate has also changed differently across seasons, so variation among 

species may be due to the time of the year they are sensitive to climate (Bolmgren et 

al. 2013, Dai et al. 2013); for example, some species respond to winter warming, 

others to spring warming (Cook et al. 2012). Finally, species can also respond 

differently to the same climate cue, for example, tall-grass prairie species in North 

America have divergent responses to year round experimental warming (Sherry et al. 

2007), and responses to increased precipitation vary among grassland and heath 

species in Europe (Jentsch et al. 2009), so this review focuses exclusively on 

temperature change.  

Trait based phenological responses to climate 

We predict that variation among species in climate cues used, timing of 

response to climate, and responses to climate events are related to species traits. 

Species with similar phenology often have similar traits, such as blooming season, 

photosynthesis strategy and growth form (Craine et al. 2012, Banta et al. 2012), so we 

posit that traits can be used to predict phenological responses to climate. However, 
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very few studies have taken this approach, and their results are often inconsistent 

(Parmesan and Hanley 2015). Inconsistencies across studies are likely due to 

differences in number of species (fewer species means fewer traits represented) and 

climate regimes studied, as well as the influence of multiple traits simultaneously that 

make simple predictions about any particular trait less useful. Below, we review all 

studies to date of trait based responses to climate change. We focus on the most 

common traits studied within the context of climate change, including flowering 

season, functional group, pollination mode and lifespan, as well as other less 

commonly studied traits such as native versus invasive, xylem arrangement, and 

photosynthetic pathway. The few studies examining precipitation have found no 

phenological responses to increased precipitation for any trait (Cleland et al. 2006, 

Sherry et al. 2007). 

Early versus late season bloomers 

In most studies, and across a wide range of locations, most species advance 

flowering with warming (Miller-Rushing and Primack 2008, Molnár et al. 2012, 

Wolkovich et al. 2012, Mazer et al. 2013, Bock et al. 2014). However, early and late 

blooming species respond in opposite ways to warming in tall grass prairies in North 

America: warming advances species that bloom before peak summer heat, but delays 

species that bloom after it (Sherry et al. 2007).  

Also, in most studies, species that flower early in the growing season are more 

sensitive to temperature and advance more strongly with warming than late season 

bloomers (Fitter and Fitter 2002, Miller-Rushing and Primack 2008, Molnár et al. 
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2012, Wolkovich et al. 2012, Mazer et al. 2013, Bock et al. 2014). However, the 

opposite pattern occurs in temperate deciduous forests in Pennsylvania and North 

Carolina: late season trees advance more in response to warming than early season 

species (Rollinson and Kaye 2012, Marchin et al. 2015). Finally, season of flowering 

is unimportant for Mediterranean semi-arid species; both early and late blooming 

species advance by a similar number of days with warming (Valencia et al. 2016). 

Growth form 

Timing of flowering in response to both precipitation change and warming 

generally does not differ among life forms; most herbs, grasses, and woody plants 

respond similarly to climate (Cleland et al. 2006, Parmesan 2007, Hovenden et al. 

2008, Valencia et al. 2016), though there are exceptions. Woody species either do not 

respond, or are less sensitive (advance less) to warming temperature than grasses or 

herbaceous species in Britain and Norway (Post and Stenseth 1999, Fitter and Fitter 

2002, Bock et al. 2014). Bock (2014) studied differences among Raunkiaer life forms 

in England and found that most groups advance with warming, but geophytes 

advance the most, while most hemicryptophytes do not respond. 

Life span 

Patterns of phenological response to climate change across species with 

different life spans are mixed, although very few studies have tested this. Orchids in 

Europe that live longer than 3 years advance, while shorter-lived orchids do not 

respond to warming, though these species often have different pollination modes 

(Molnár et al. 2012). More annual species advance in response to warming compared 
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to perennial species in Britain (Fitter and Fitter 2002). However, life span is not 

predictive in south Australia grasslands: annuals and perennial do not differ in their 

responses to temperature or precipitation (Hovenden et al. 2008). Differences among 

studies could be due to the types of annual and perennial species included, or 

differences in adaptive strategies among locations, though there are too few studies to 

compare. 

Pollination mode 

Pollination mode can also predict phenological responses to climate change; 

though responses are mixed across the very few studies have taken this approach. 

Self-pollinating orchids advance more in response to temperature change over the 

years than nectar rewarding orchids in Europe (Molnár et al. 2012). However, plants 

with biotic pollination advance more than plants abiotically pollinated in response to 

temperature change over time in deciduous forests in both China and in Britain (Fitter 

and Fitter 2002, Dai et al. 2013). These patterns could indicate that autogamous 

species advance the most, followed by biotically pollinated species, while abiotically 

pollinated species advance the least with warming; or that patterns of phenological 

response to climate change across pollination modes is regionally variable, since 

these studies were conducted in different regions.  

Other traits 

Other traits may also link species responses to climate change; however, 

compared to those reviewed above there is only one study for each of these traits. 

Invasive species are often more sensitive to changes in climate than native species in 
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northern hemisphere temperate areas (Wolkovich et al. 2013). Wood morphology also 

has an effect: ring porous species have stronger advances with warming than diffuse 

porous species in a temperate deciduous forest in North Carolina (Marchin et al. 

2015). C3 grasses advance, while C4 grasses delay with increased temperature in the 

western U.S. (Munson and Long 2017).  

  

Study focus 

To better understand spatial and temporal variation in phenological response 

to climate, and species-specific differences due to traits, we used a long-term dataset 

of flowering phenology observation from coastal California. The goals of this study 

were to 1) characterize temporal and spatial patterns of phenology within our system, 

2) relate these patterns to climate, 3) characterize species-specific responses to 

climate, and 4) determine if functional traits predict these species-specific differences.  

We worked in a maritime Mediterranean-type climate, with cool, rainy 

winters and warm, dry (though foggy) summers (Minnich 2007). We focused on 

Santa Cruz County, along the central coast. Here, on average from 1982 to 2016, 

summer maximum temperature has decreased by 0.9oC (though not significantly), 

while winter minimum temperature has increased by 1.6oC, and precipitation has not 

changed (Oshiro, dissertation chapter 1). This pattern is unique because, outside 

coastal California, maximum temperature has increased over time (Pachauri and 

Meyer 2014). Additionally, even though the entire county is considered maritime, 

climate varies along a coast to inland gradient; at our study site closest to the coast 
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winter minimum temperature is 4oC warmer, summer maximum temperature is 5oC 

cooler, and 277 mm less precipitation per year falls compared to the most inland site 

(Oshiro, dissertation chapter 1). Despite the spatial differences in climate, there has 

been no difference in either the rate of change or absolute amount of climate change 

over time at coastal versus inland areas (Oshiro, dissertation chapter 1).  

Species growing in Mediterranean-type climates must adapt to summers with 

high temperatures and very little water. Plants here generally employ one of two 

strategies: either avoid or tolerate harsh summer conditions. “Tolerator-type” species 

have traits that allow them to grow steadily, even in summer’s high temperatures and 

drought. However, many of the traits that confer drought and heat tolerance come at 

the cost of slower growth. Therefore, “avoider-type” species forgo drought and heat 

tolerance and instead invest their energy in rapid growth that allows them to 

reproduce and then enter dormancy, or complete their life cycle, before the summer. 

Species that bloom in late spring and early summer probably have a combination of 

avoider and tolerator traits.   

Tolerator-type traits 

Tolerator-type species can grow during periods of drought and high heat. 

Traits that confer heat tolerance include being lightly colored to reflect the sun, 

orienting leaves to avoid the sun, and species with small leaves cool more through 

convection than transpiration, conserving more water than species with large leaves 

(Dudley 1996, Lambers et al. 2008). Highly dissected leaves also facilitate cooling 

(Lambers et al. 2008); however, in the paleo-record highly dissected leaves promote 
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high photosynthesis and high water loss (Royer and Wilf 2006). Leaf traits that 

minimize water loss through stomata by increasing the resistance to transpiration 

include a thick waxy cuticle, or a thick boundary layer due to hairs or folded/curled 

leaves (Lambers et al. 2008).  Plants with a higher specific leaf area (thicker leaves) 

retain water by having a lower surface area to volume ratio. Drought tolerant plants 

also have high water use efficiency (Kenney et al. 2014), so they are able to keep 

their stomata closed for longer and maintain photosynthesis without drying out. Some 

plants also store water for survival in drought periods in succulent leaves or stems, or 

underground storage organs, such as bulbs, corms, or burls (Lambers et al. 2008). 

Since plants with these traits conserve water and do not overheat in high temperatures 

and drought, they can grow year round; therefore, many of these species are 

evergreen perennials (Lambers et al. 2008) or species that bloom in late spring, 

summer, or fall.   

Avoider-type traits 

The “avoider-type” species have traits that promote rapid growth during 

favorable environmental conditions by maximizing photosynthesis. These traits 

include: large, flat leaves with high specific leaf area to maximize photosynthetic 

area, low water use efficiency to increase CO2 assimilation, and dark green leaves 

with high chlorophyll levels (Lambers et al. 2008). In the paleo-record, warmer 

temperatures are associated with highly toothed leaf margins, which have higher 

carbon uptake, transpiration, and photosynthesis than non-toothed leaf margins. 

Therefore, plants with toothed leaves have more rapid growth at the beginning of the 
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growing season than plants with entire leaves (Royer and Wilf 2006). Avoider-type 

plants lack hairs, wax, and storage organs because they are energetically costly to 

produce, so they cannot grow in hot, dry conditions. Avoiders flower in early spring 

to complete their life cycle before late season stress (Franks 2011).  

One of the goals of this study is to use traits of avoider and tolerator-type 

species to predict phenological response to climate. We hypothesize that, since 

avoider-type species grow best in high water, low temperature conditions, they will 

shift phenology to track these conditions, and thus be more responsive to climate. In 

contrast, tolerator-type species can grow in stressful conditions, so they do not need 

to track climate and will be unresponsive to it.  

Hypotheses 

 Our study compares a historical dataset of plant phenology observations at 19 

sites from the 1989-1998 with resurveys of 10 of those sites from 2011-2015. Despite 

increasing minimum and decreasing (not significantly) maximum temperature trends 

from 1982 to 2016, temperature in the two study period differed very little (minimum 

temperature was ~0.5oC higher in the resurveys at inland grasslands and sandhills, 

maximum temperature did not differ between the survey periods). Precipitation 

showed no trends from 1982-2016, but the resurveys occurred during an extensive 

drought, so total annual rainfall was ~34% lower in the resurveys.  

We used this dataset to test the following hypotheses: 
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1) Differences in first flowering date between the historical and resurveys will be 

species specific, but most species will finish flowering earlier, and flower for a 

shorter duration in the resurveys than the historical surveys.  

• Rationale: Since temperature differences between the survey periods were 

slight, differences in precipitation totals will drive phenological differences. In the 

literature, responses of first flowering date to rainfall are mixed, but lower rainfall 

usually advances last flowering date and shortens the flowering period. 

2) Flowering will begin earlier and end later at coastal grasslands than inland 

grasslands.  

• Rationale: Warmer winters with lower precipitation at more coastal grassland 

sites generally select for earlier flowering. Cooler maximum temperatures and 

warmer minimum temperatures at the coast generally extend the flowering 

season. 

3) Coast and inland grassland sites will show the same amount of phenology change 

over time. 

• Rationale: There was little difference in the amount of climate change over 

time at coast versus inland grassland sites. 

4) Plants with more avoider-type traits are more sensitive to temperature and 

precipitation cues, and will shift more towards earlier flowering in high 

temperature and drought conditions than will tolerator-type species. 

• Rationale: Avoider-type plants need to grow and reproduce before it gets too 

hot and dry, so, these species will shift their first and last flowering dates earlier, 
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and possibly shorten their flowering durations (even if first flowering date does 

not shift) in hotter and drier years. 

5) Plants with more tolerator-type traits are less sensitive to climate cues, and will 

not respond, or respond less dramatically, to changes in temperature or 

precipitation than avoider-type plants.  

• Rationale: Tolerator-type plants can grow in any climate conditions regardless 

of the time of the year; therefore they will not shift their life-cycles because do 

not need to be sensitive to climate cues. 

 

Methods 

Phenology Surveys 

Surveys  

i. Historical surveys: The phenology data from the 1990s come from field notes 

taken during surveys conducted by local botanist Randall Morgan and are housed 

at the University of California Santa Cruz’s Kenneth S. Norris Center for Natural 

History.  Morgan surveyed each of the 19 study sites year-round (every 3-4 weeks 

January through December) for at least one year during the period 1989-1998; he 

surveyed some sites in two separate years. During each survey, Morgan walked a 

fixed route and recorded all plants he observed in flower. 
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ii. Resurveys: We conducted surveys every 3-4 weeks at the ten sites (Figure 1, Table 

1) from mid-2011 through December 2015, following Morgan’s routes and using 

the same methods.   

Flowering intensity:  

During each site visit Morgan noted the flowering intensity, generally using 

“few” to describe the beginning or ending of blooming, “blooming” to note that most 

of the population was in bloom, and “heavy bloom” to denote peak bloom. We ranked 

these from 1 through 5: 1 was most flowers in bud with only a few open, 3 indicated 

peak bloom, and 5 indicated that a few flowers were still open, but most had 

senesced; categories 2 and 4 were intermediates (Table 2). We used these categories 

to record flowering intensity during the resurveys. 

Study system 

Study sites represented two habitat types in Santa Cruz County: grasslands 

located both coastally and inland, and inland sandhills. The historical dataset (1990-

1998) surveyed 19 sites, and we resurveyed 10 of these sites (2011-2015), selected 

for site quality (e.g. not developed, eroded or heavily invaded), and accessibility 

(some sites changed ownership). We surveyed 362 species; most species grew at 

more than one study site, some grassland species grew both coastally and inland, and 

a small number grew in both habitat types. These species represented a variety stress 

tolerance abilities and ecological attributes. 

We resurveyed four of the original nine sandhill sites. These are clustered 

together, 6.9 to13.7km from the ocean (Figure 1; Table 1). Sandhills are narrowly 
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distributed, inland sand deposits considered endemism hotspots because of their 

unique edaphic conditions.  They were formed in the Miocene when sea level was 

higher and much of Santa Cruz County was submerged beneath the Pacific Ocean. 

Once sea level receded, these sandy areas were subsequently uplifted, creating the 

Santa Cruz sandhills (McGraw 2004). Since this habitat type is restricted to fairly 

isolated inland pockets in Santa Cruz County, many sandhill endemics are threatened 

or endangered. Sandhill vegetation is primarily chaparral shrubs, with herbaceous 

plants in the open spaces. Dominant species include several different species of the 

woody genera Arctostaphylos, Ceanothus, and Quercus, as well as the shrubs, 

Ericameria ericoides, Eriodictyon californica, Adenostoma fasciculatum, Salvia 

mellifera and Mimulus aurantiacus. Endemic and rare species include: Arctostaphylos 

silvicola, Chorizanthe pungens var. hartwegiana, Eriogonum nudum var. decurrens, 

Erysimum teretifolium, Mimulus rattanii ssp. decurtatus, and Monardella undulata. 

We surveyed 143 species total at all sandhill sites combined.  

We resurveyed six of the original ten grassland sites, which range from 3.0 to 

12.3km from the ocean (Figure 1, Table 1). These grasslands are unique due to the 

maritime climate influence, and may have the highest biodiversity of all grassland 

types in North America (Stromberg et al. 2002). They are now also a rare habitat 

type, restricted to a few, narrowly distributed, undeveloped areas. The species here 

are mostly herbaceous annuals or perennial forbs and grasses, including several 

invasives and endemics. Exotic species include: Avena and Bromus species, Briza 

maxima, Erodium botrys, Plantago lanceolata and Holcus lanatus.  Rare native 
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species include: Calochortus uniflorus, Chorizanthe robusta var., hartwegii, 

Holocarpha macradenia, Hosckia gracilis, Plagiobothrys chorisianus, P. diffusus, 

and Toxicoscordion fontanum. We surveyed 311 species at all grassland sites 

combined. 

Traits included in the analysis 

We analyzed whether avoidance/tolerance traits predicted phenological 

response to climate. We also included other ecological traits that influenced 

phenological response to climate change in other studies (e.g., life history, growth 

form, native). 

Traits linked to stress avoidance or tolerance 

 We assessed specific leaf area and water use efficiency for 34 sandhill 

species and 39 grassland species that were among the most common species, were 

present at least 2 sites within a habitat type and, for grassland species, were located 

both coastally and inland. Specific leaf area and water use efficiency can vary with 

environmental conditions, but since this study focused on among-species differences 

we averaged these values across environmental conditions (sites of collection) within 

a species. To minimize bias due to environmental conditions we collected all leaves 

during the same survey year (so differences between species were not due to 

interannual climate variation), and to calculate species averages we first averaged 

values within sites, then among sites within locations, and then among locations (to 

prevent bias if one location had more sites sampled than another). 
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i. Specific leaf area: Specific leaf area (SLA), calculated as leaf area divided by dry 

leaf weight is a good indicator of drought and heat tolerance (Lambers et al. 

2008). Plants with higher specific leaf area have thin leaves, typically associated 

with higher investment in photosynthesis and high transpiration and, therefore, are 

less drought tolerant (Table 3). We haphazardly sampled two plants per site and 

collected at least two healthy leaves from each plant that were not damaged by 

herbivores. We photographed each fresh leaf on graph paper for scale and 

measured the leaf area using ImageJ. Then we dried each leaf in the drying oven 

at 300C for 48 hours and weighed them individually in grams to the seventh 

decimal place.   

ii. Water use efficiency: We used δ13C to assess overall water use efficiency (WUE, 

Table 3; Dawson et al. 2002). Water-stressed plants use water more efficiently 

than those with ample water, and conserve water by closing their stomata, 

affecting use of C isotopes. Discrimination against the heavier C13 isotope by 

RUBISCO occurs during photosynthesis; drought-stressed plants, with closed 

stomata, are forced to discriminate less against C13. A less negative value is 

associated with less discrimination against the C13 isotope, and therefore greater 

water use efficiency. We assessed WUE on the same leaves collected for SLA 

analysis. We homogenized the dried leaves using the reciprocating saw machine 

grinding method (Alexander et al. 2007), except for small samples (less than 

1mg), which we ground in a plastic vial using a tissue grinder (Scienceware 

Polypropylene Conical Tissue Grinder, 1.5 ml capacity).  We transferred 3000 
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micrograms of ground tissue to 5x9mm tin capsules and sent them to the UCSC 

Stable Isotope Facility for δ13C analysis. 

We also selected traits that were easily observable and could be identified using 

vegetation manuals (e.g., the Jepson Manual) and reliable, easily accessible online 

sources (USDA Plants, CalFlora, CalPhoto, Cal-IPC). The selected traits were: leaf 

margin, leaf flatness, leaf retention, presence of storage organs, presence of hairs, 

color, and succulence (described in Table 3).  

Other ecological traits 

 We assessed these other ecological traits: whether species are native to the 

California floristic province, life history strategy (annual/perennial, we excluded 

biennials/facultative perennials) and functional group (herb, grass, rush/sedge, shrub, 

and tree).  

Climate data 

We used temperature near the ground that we calculated from PRISM 

temperature values in a related study (Oshiro, dissertation chapter 1). PRISM data 

were daily values at the 4km resolution for each site and year of the surveys. We 

examined minimum temperature, maximum temperature and precipitation.  

Statistics 

For easy reference, we listed each statistical analysis, along with its objective, 

purpose, and the relevant dataset in Table 4.   

I. Addressing dataset challenges 
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 The survey data in its raw form presented challenges and biases, including 

sampling bias, population size bias, differing sample sizes and outliers, which we 

address in the section below. Also, species had different phenological patterns, so we 

standardized the phenology data in order to compare phenology among species in the 

next sections. 

i. Sampling bias: Since each site was only surveyed every 3 to 4 weeks, we examined 

by how much the first and last observed flowering dates differed from the actual 

dates. Large differences could be problematic for comparing survey years and sites, 

if patterns reflect differences in survey date and not actual event dates. To test for 

survey bias in our data, we compared our survey dates to first flowering dates 

(FFDs) and last flowering dates (LFDs) estimated by cyclic P-spline Poisson 

generalized additive models (GAMs). In these models, the flowering intensities 

were the response data and the Julian date that each intensity level occurred was the 

predictor. Flowering intensities 4 and 5 in GAM were re-labeled 2 and 1, 

respectively, following peak flowering for purposes of model estimation. These 

models predicted the Julian date that each intensity was reached, based on pooling 

the intensity data across all survey years. We further refined the dates generated 

from these models by incorporating data from two grasslands (GW and MF) and a 

sandhill site (BD) that were surveyed weekly for an entire calendar year (May 

2014-May 2015) to provide a closer approximation of first and last flowering dates. 

We qualitatively assessed the differences between the model-predicted FFD and 

LFDs, and the survey dates by visually comparing the model predictions and actual 
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data (Supplementary Figures 7a is an example). The strong agreement between 

observed and estimated values (red line versus dashed error interval in Figure 7a, 

respectively) suggested that means over time were well estimated by the surveys. 

Differences between estimated and observed extreme values (Figures 7b and c) 

were much less (in Figure 7 the difference is around a week) than the sampling 

interval (one month). Thus, observations were close to actual flowering times, 

which suggests that, in our study, survey bias due to sampling interval was minimal. 

Since overall means agreed, despite variation, then subsamples (observations in a 

given site/year) should also agree, which suggests that the subsequent conclusions 

we draw based on the survey design can be supported (i.e. minimal survey bias).  

 

ii. Population size bias: Population sizes of each species varied among study sites. At 

each study site we assessed the abundance of each species by binning them into 3 

abundance categories: “rare” were species with less than 10 individuals at the site, 

“medium” were species with between 10 and 100 individuals present at the site, 

“common” were species with over 100 individuals present at the site. To test if 

abundance influences FFD or LFD, we did a one-way ANOVA with abundance 

(the three categories described) as the predictor and FFD and LFD as dependent 

variables, and found that larger populations have earlier first flowering dates and 

later last flowering dates compared to smaller populations (p<0.0001 for both FFD 

and LFD). Therefore, we weighted observations by their population sizes in the 

following analyses. Observations from sites where a given species was common 
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received the most weight, and observations from sites where the species was rare 

received the least weight.  

iii. Species/observations included in the analysis: We omitted observations from the 

analyses if they did not meet the following criteria: 1) species were included in 

the re-surveys, and 2) both first and last flowering date were recorded for a given 

site/year. In addition, we omitted 3) outlier observations and re-blooms, which we 

defined as observations of flowering recorded two surveys before or after the first 

and last flowering date, respectively, and 4) species with fewer than 10 

observations in all surveys combined.  

iv. Standardizing the phenology data: To compare species, we standardized 

(“indexed”) FFD, LFD and flowering duration (DUR, which equaled LFD minus 

FFD) within each species: index = (observation – species minimum)/(species 

maximum – species minimum), so that for each species the earliest FFD/LFD 

dates and the shortest DUR were 0, and the latest FFD/LFD and longest DUR was 

1. We used this index in all the following analyses, instead of raw FFD/LFD and 

DURs because species flower in different seasons, and for different lengths of 

time; the index allows us to analyze relative proportional change in timing. 

 

II. Phenology changes over time and space 

To determine how phenology differed between the two survey periods, and 

between coastal and inland grassland sites, we compared FFD, LFD and DUR both 

for each species separately, and for all species combined. For change over time we 
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limited location biases by doing a separate analysis for each location (coastal 

grassland, inland grassland, sandhills), and, similarly, when we assessed coast-inland 

differences we limited bias due to climate change over time by doing separate 

analyses for each survey period.  

To assess community-wide differences we compared the FFD/LFD/DUR 

indices of all species combined between time periods or coast-inland surveys, with a 

Mann-Whitney-Wilcoxon test (wilcoxon.test function in R’s base package, R Core 

Team 2016). For these, all species were included if they were in both survey 

periods/both locations for the change over time analysis and coast-inland analysis, 

respectively.  

To evaluate differences for individual species we also used Mann-Whitney-

Wilcoxon tests. In these analyses we included all species with at least 4 observations 

in each survey period/location, because if the cutoff was any higher species from 

coastal grasslands would have been excluded from the analyses (there were only 4 

coastal grassland sites surveyed during the historical surveys, 5 inland grassland and 

9 sandhill sites).  

i. Change over time: Observed time period (historical or resurvey) was the 

predictor, and FFD/LFD/DUR indices were the dependent variable. Since both the 

per-species and community-wide comparisons used the same data for 9 different 

tests, we used Bonferroni corrections to determine the critical alpha value (0.1/9 = 

0.01). 
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ii. Coast to inland differences in phenology across grasslands: Location (coast 

versus inland grassland) was the predictor, and FFD/LFD/DUR indices were the 

dependent variable. We used Bonferroni corrections for multiple comparisons (6 

tests each; error 0.1, the critical alpha = 0.017). 

iii. Coast to inland differences in the amount of phenology change over time: We 

examined coast and inland differences in the amount of phenology change over 

time assessing differences in the magnitude of shifts in the community-wide 

phenology indices over time.  

III. Phenological response to climate 

 For each species we determine the time period in which FFD, LFD and DUR 

were most sensitive to the climate variables, and then assessed how phenology 

responded to those variables.  

i. Timing of sensitivity to climate variables: Species may respond differently to the 

same climate variable if they are sensitive to it in different months. Therefore we 

used Random Forest (randomforest package in R, Liaw and Wiener 2002) to 

determine the month in which each species was sensitive to maximum 

temperature, minimum temperature, and precipitation. For these analyses, we 

ranked the 12 monthly lagged climate variables (minimum temperature, 

maximum temperature, precipitation separately) for FFD, LFD and DUR for each 

species. Random forest creates a series of regression trees generated for random 

subsets of the explanatory variables and observations. Each regression had FFD, 

LFD and DUR indices (separately) as response variables and the lagged climate 
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variables as predictors. For each tree, each split randomly sampled 8 predictor 

variables because including a higher or lower number of predictors sampled 

produced a lower r-squared value. For each forest, we used a bootstrapped 

subsample of the data, sampled with replacement equal to the number of 

observations. In each run of the random forest analysis (5 total replicate runs) we 

generated 250 regression trees; using a higher or lower number of trees increased 

the prediction error (out of bag error) of the model, meaning that the model was 

over or underfit. For each species, we found the most important lag period for 

each climate variable, averaged over the 5 replicate runs.  

To examine community-wide responses to climate, we also found the most 

important lag periods for each climate variable, but for all species combined, 

using the same methods as above. 

ii. Responses to climate variables: We used generalized linear models (GLMs; 

glmnet package in R; Friedman et al. 2010) to determine each species’ 

phenological responses to the relevant lagged climate variables (as determined by 

random forest). This analysis also allowed us to calculate the Effect Size of each 

climate variable for each species. The lagged climates variables were the 

explanatory variables, and FFD, LFD and DUR were response variables. For each 

of the significant terms in the models we extracted the Effect Size of the response, 

calculated as: slope of the line multiplied by range of the climate variable (to 

standardize across the species, since the range differed for each species). The 

Effect Size measured how strongly FFD/LFD/DUR responded to the climate 
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variable, and ranges from -1 to 1; all non-zero values were significant responses. 

Effect Sizes <0 were earlier FFD/LFD or shorter DUR at higher temperature or 

precipitation. In contrast, Effect Size >0 later FFD/LFD or longer DUR at higher 

temperature or precipitation. The larger the value, the stronger the effect (i.e. 

values closer to 1 or -1).  

 We also analyzed community-wide phenological responses to the relevant 

lagged climate variables (calculated from random forest for all species combined), 

using GLMs, and calculated the Effect Sizes using the same methods as above.  

 

IV. Traits and phenological responses to climate 

Finally, we grouped species based on their responses to the climate variables, 

and determined the most common traits of the species in each group.  

i. Comparing responses to climate variables across species with different traits: We 

used classification and regression trees (CART, rpart package in R, Therneau et 

al. 2015) to determine how groups of species with different traits responded to 

climate. We produced one tree per trait variable as well as one tree per each 2-

way interaction between the traits. We included as possible nodes the Effect Size 

of the response of FFD/LFD/DUR to each climate variable (as calculated in part 

III.ii) and seasonality of FFD/LFD/DUR (the average first and last flowering 

dates, and flowering durations across all observations of a species). These trees 

grouped species with similar traits and similar responses to climate. We 

determined that a trait variable predicted responses to climate if: (1) it produced a 



83 
 

tree (if responses to climate did not differ among species with different trait 

values, the analysis could not produce a tree), (2) the tree had a significant p-value 

(meaning that the splits predicted by the tree were statistically significant), and (3) 

the tree had an accuracy > 0.5 (“accuracy” is statistic assessing how often a 

species is classified correctly – higher values mean groups are well predicted by 

the model), indicating that the nodes predicted group membership well.  

ii. Comparing seasons of sensitivity to climate among species with different traits: 

For each trait variable that predicted responses to climate, we compared the 

season in which the species were sensitive to the climate variables for trait groups 

produced by the tree. We binned times of the year into winter (December through 

February), spring (March through June), summer (July through September) and 

fall (October and November), and counted the number of species sensitive to the 

climate variables in each season for each group predicted by the CART analysis. 

iii. SLA and WUE: Additionally, we compared SLA and WUE among the trait groups 

produced by the tree. We could not include SLA and WUE in the CART analysis 

because they were not measured for all species. For each trait variable that 

produced a significant CART tree, we did a one-way ANOVA with the trait 

groups produced by the tree as the predictor, and SLA and WUE (separately) as 

dependent variables.  

 

Results 

Phenological changes over time, space and climate regime 
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Phenology changes over time (historical versus resurveys) 

 Phenology differed between the historical surveys in the 1990s and the 

resurveys from 2011-2015. In general, there was variation around the mean 

phenology values (index = 0.5) for both time periods, except for LFD for inland 

grasslands, where the historical surveys had a uniform distribution of index values 

(Figure 2). Community-wide, phenology has changed significantly at the sandhills 

and inland grasslands, but not at coastal grasslands (Table 5, Figure 2). Community-

wide, at the sandhills, species shifted their FFDs earlier by an average index of 0.08 

(0.55 vs. 0.47, about 7 days, Table 5: survey period means, Figure 2: shows that a 

higher proportion of species had earlier FFD indices in the resurveys compared to 

historical). 29 individual species (out of 56) advanced FFD by 0.08 (the community-

wide average) or more, but only 3 had differences that were statistically significant; 

these species either had very large differences, for example, Arctostaphylos sensitiva 

and Minuartia douglasii advanced by more than 0.3 (more than 20 days), or smaller 

differences but larger sample sizes, like for A. silvicola that advanced by only 0.16. 

Community-wide, species at inland grasslands also advanced FFD over time by ~10 

days (0.11); of the 22 species (out of 49 total) that advanced FFD over time by more 

than the community-wide average, only Baccharis pilularis advanced significantly, 

likely due to both its relatively high sample size (>8 per survey period) and large 

difference (0.2). Although patterns of FFD were consistent between inland grasslands 

and sandhills, patterns of LFD and DUR were not; LFD changed at the sandhills, but 

not inland grasslands, while DUR changed at inland grasslands but not sandhills. On 
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average, sandhills species shifted their LFDs earlier by 0.05 (about 4 days); 34 

species advanced by that amount or more, but only A. sensitiva advanced 

significantly, by 0.51 (~52 days), a huge amount. At inland grasslands, 22 species 

lengthened DUR by 0.06 or more (~5 days), which was the community-wide average, 

though only 2 species, Baccharis pilularis and Carduus pycnocephalus, lengthened 

significantly, mostly because they both had very large differences (0.32 and 0.49, 

respectively).   

Coast-inland grassland phenological differences 

 Phenology differed between the coast and inland grasslands. In both survey 

periods, on average, plants started to flower earlier in the year at the coast than inland, 

though the difference between the two locations was much larger in the historical 

surveys (0.14 in the historical, 0.05 in the resurveys). Although 3 out of 8 species in 

the historical survey had coast-inland differences in FFDs of 0.14 (the community-

wide average, about 13 days, or even more, Table 6, Figure 4), none of these shifts 

were statistically significant, due to low sample sizes. More species were included in 

the resurveys than historical; therefore, in these, more species, 22 out of 45 species, 

flowered earlier in the year at the coast than inland (differences >= 0.05, the 

community average, about 4 days), though Spergula arvensis and Rumex acetosella 

were the only species with significant differences, because of very large differences 

and sample sizes (0.25 and 0.34, about 38 and 52 days respectively, sample sizes 

greater than 9 per location). In the historical surveys, species stopped flowering 
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earlier in the year at the coast than inland; however, no individual species had 

significant coast-inland differences; there was no difference in final flowering dates 

in the resurveys. 

Phenological responses to climate 

Responses to climate reflect site/year differences over a wide range of values 

for each climate variable: precipitation monthly totals ranged from 0 to 814mm, 

minimum temperature ranged from -2 to 14oC, and maximum temperature ranged 

from 12 to 32oC. We examined responses to climate based on Effect Sizes for each 

species individually, and, to assess community-wide patterns, for all species 

combined.  

Precipitation did not affect FFD for around half the species (Effect Size = 0), 

but high precipitation delayed LFD and shortened DUR for nearly half the species 

(Table 7). High minimum temperature advanced FFD and LFD, and lengthened DUR 

for around half the species. For all phenology metrics, about half the species did not 

respond to maximum temperature.  

 Community wide patterns were somewhat similar to those of the individual 

species. Based on species-wide Effect Sizes (Table 8), increasing precipitation 

delayed first and last flowering date, and lengthened flowering duration.  
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High minimum temperature advanced first and last flowering date and lengthened 

flowering duration. In contrast, increasing maximum temperature only advanced 

LFD, while shortening DUR, and FFD did not respond.  

Trait-based phenological responses to climate 

 The only traits that significantly predicted species responses to climate and 

seasonality were leaf flatness and native versus non-native (CART analyses). None of 

the other traits were linked to phenology. For analyses of both leaf flatness and native 

versus non-native, the groups predicted by the model did not clearly differentiate 

among trait values, and often contained species with all trait values; this indicates that 

despite significant CARTs, traits did not cleanly define species responses. However, 

in the analyses for the traits below, all the splits shown were significant, indicating 

that although the groups may have combinations of species with all trait values, there 

was a significant difference in response to climate between the groups created by 

each split. 

Native versus non-native 

 Native and non-native species differed in how their DURs responded to 

minimum temperature, FFDs responded to precipitation, and in their average 

flowering length (p=0.014, Accuracy=0.886, Figure 4). Most native and non-native 

species had shorter flowering periods, or did not respond strongly, as minimum 

temperature increased (Group 1), but a small proportion flowered longer as minimum 

temperature increased (Groups 2-4). For the latter groups (Groups 2-4), species that 
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flowered for < 67 days also had FFDs that were sensitive to rain (Groups 3 and 4), 

and, for non-natives, increasing rainfall either advanced or caused no response in FFD 

(Group 4). The remaining native species (Group 2) had longer DURs with increasing 

minimum temperature, and flowering durations >= 67 days.  

Most natives responded to minimum temperature in the spring, while most 

non-natives responded to it in the summer (Table 9). However, both season of 

sensitivity and responses to precipitation differed between groups 3 and 4; Group 3 

was cued by winter precipitation, while Group 4, mostly non-native species, generally 

did not respond to it.  

SLA also differed among the CART groups, with Group 4 having the highest 

SLA, and Groups 1 and 2 the lowest SLA (Table 9). 

Leaf flatness 

Groups that had proportionally more species with curled, flat or folded leaves 

differed in their responses to precipitation and minimum temperature (p=0.002; 

Accuracy=0.625; Figure 5). All three phenology variables’ responses to precipitation 

were important for predicting group membership. Species that delayed LFD with 

higher precipitation also had FFDs that responded to precipitation. Of these species, 

higher precipitation had mixed effects on flat leaved species (Groups 1 and 2), but 

species with folded leaves first flowered earlier, or did not respond strongly as 

precipitation increased (Group 3). Response of LFD to minimum temperature also 

differed between species with flat and folded leaves; increasing minimum 

temperature advanced LFD for species with flat leaves (Group 2), but delayed or did 
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not have a strong effect on LFD for species with folded leaves (Group 3). Species that 

did not have strong responses, or advanced LFD with high precipitation 

consequentially had flowering durations that also responded to precipitation, but only 

if they flowered after mid-March (Groups 5 and 6). In Group 5, species had shorter 

DURs with more rain, while those in Group 6 either did not respond strongly or 

lengthened DUR with increasing precipitation. Overall, groups 5 and 6 had the most 

species for all trait values, though species with flat leaves were more evenly 

distributed across all groups.  

In some cases, season of sensitivity explained differences in responses to 

climate among the groups (Table 9). For most species, spring rainfall cued LFD, 

except for group 4, where most of these species did not respond to rainfall, and, group 

5, where most of these species responded to summer rainfall (though Santa Cruz 

County mostly does not receive summer rain, some years had up to 5 rainfall days in 

a summer). Winter precipitation cued FFD for group 1, while FFDs for groups 2 and 

3 mostly did not respond to precipitation. Similarly, differences in responses of DUR 

to precipitation between groups 5 and 6 could also be due to season of sensitivity, 

since summer cued DUR for group 5, and spring cued DUR for group 6. Within each 

group DUR and LFD were cued by precipitation in the same season, indicating that 

DUR largely reflects LFD. In contrast, even though groups 2 and 3 had opposite 

responses to minimum temperature, they were both sensitive to it in the spring.  

 Neither SLA nor WUE differed among the six groups (Table 9). 

Discussion 
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Phenological responses to climate and climate change 

 Community-wide phenology differed between the survey periods and between 

coast and inland grasslands, and often could be explained by responses to the climate 

variables (site/year differences, GLM models). Decreasing precipitation caused 

earlier first and last flowering dates, and shorter flowering durations, while increasing 

minimum temperature caused earlier first and last flowering dates, but longer 

flowering durations. High maximum temperature shortened DUR because FFD 

advanced less than LFD.  

Precipitation was the only climate component that differed substantially 

between the two survey periods, given the severe drought during the resurveys, 

though minimum temperature was ~0.5oC higher in the resurveys. FFD and LFD 

were earlier and DUR was longer in the resurveys than historical surveys, which was 

consistent with responses to both minimum temperature and precipitation for FFD 

and LFD, but only consistent with responses to minimum temperature for DUR. This 

suggests that minimum temperature drove phenological change over time in our 

system, which is consistent with other studies (Menzel et al. 2006b, 2006a, Schwartz 

and Hanes 2010, Cook et al. 2012). Precipitation could have also driven phenological 

change over time in our study, at least for FFD and LFD, and in other studies, it drove 

rapid evolution of drought escape in California annuals (Franks and Weis 2008, 

Franks 2011). However, flowering duration might be more sensitive to changes in 
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minimum temperature than precipitation, since its temporal differences were 

consistent with minimum temperature increase, and not precipitation decrease. 

When we compared phenological change over time between coast and inland 

grasslands we found that inland grasslands have changed (FFD earlier, DUR longer), 

but coastal grasslands have not. The only climate variable that changed differently 

over time at the coast compared to inland was minimum temperature, which increased 

over time at inland grasslands but did not change at coastal grasslands (precipitation 

change was spatially uniform). This suggests that minimum temperature drove 

differences in phenological change over time between the coast and inland.  

Coastal grassland plants both began and ended flowering earlier than inland 

grasslands plants, particularly in the historical samples; DUR did not differ between 

these locations. This might reflect lower precipitation and higher minimum 

temperature at coastal sites, which is consistent with other studies because areas with 

warmer minimum temperature and lower precipitation (for California plants) 

typically flower earlier than cooler, wetter areas (Haggerty and Galloway 2011, Frei 

et al. 2014, Kooyers et al. 2015, Liang 2016). Coast-inland differences in minimum 

temperature were smaller in the resurveys than in the historical surveys, which might 

explain why the resurveys did not have coast-inland differences, but the historical 

surveys did.  

Trait based phenological responses to climate 
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 Although several studies have found variation in phenological responses to 

climate among species (for examples see Sherry et al. 2007, Diez et al. 2012), few 

have sought to explain why. We tested the hypothesis that responses differed due to 

species’ traits, particularly those associated with tolerator versus avoider 

characteristics. However, out of nine of these traits, only one, leaf flatness, along with 

native versus non-native responded to climate and seasonality; but even for those, 

there were no clear-cut differences by category.  

We predicted that species with flat leaves would have more dramatic 

responses to the climate variables than species with curled or folded leaves. Curled or 

folded leaves conserve water, and also allow the plant to shade itself, which cools it; 

therefore we predicted these species could tolerate hot and dry conditions and did not 

need to shift phenology with climate in order to avoid them. Contrary to our 

prediction, species with flat leaves were present in high numbers in all groups created 

by the CART analysis; however, most species with folded/curled leaves had mixed or 

limited responses to precipitation and minimum temperature. This suggests that 

species with flat leaves had a wide variety of responses to climate, while responses to 

climate were similar among species with curled or folded leaves. Many species with 

folded/curled leaves did not appear to escape drought by advancing FFD or LFD with 

low precipitation, supporting our hypothesis that species with drought tolerant traits 

do not have drought escape responses.  

Timing of sensitivity to the climate variables also explained many differences 

between the groups, because groups often differed in the seasons in which they were 
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sensitive to the climate variables. However, timing of sensitivity did not explain 

differences among species with curled/folded versus flat leaves. One group of mainly 

flat leaved species increased DUR and delayed LFD with low summer rainfall, which 

was surprising given that summer rainfall is very rare in our system; in our study 

many years had no summer rainfall, but some years had one or two days (rarely even 

up to 5 days) of rainfall. Other groups of mostly flat leaved species responded to 

precipitation in spring, or not at all, suggesting that species with flat leaves had 

different responses to precipitation because they were sensitive to it in different 

seasons. The groups of mostly folded leaved species also responded to precipitation 

in the spring or not at all, suggesting that timing did not drive differences in responses 

between flat and folded leaved species. Similarly, flat and folded leaved species both 

responded to minimum temperature in the spring. In these cases, since timing did not 

drive differences between flat and folded leaved species, perhaps their leaf orientation 

did.    

Overall, we found little evidence to support our initial hypothesis that avoider 

type species advance with warming temperatures and drought, while tolerator type 

species do not respond to climate. Instead, our study suggests that avoider and 

tolerator type species have similar responses to climate. Our study categorized 

avoider and tolerators by traits that were easily observable, but perhaps including 

more quantitative traits would improve our predictive ability. Future studies could 

include root architecture (depth, fineness), xylem traits (conduit size, total xylem 

area), total non-structural carbohydrates, or leaf waxiness.  
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Generally, the origin of a species (native versus non-native) did not predict 

responses to climate very well. Since climate cued phenology at similar times of the 

year for these two groups, differences among groups in phenological responses to 

climate were likely not driven by differing seasons of sensitivity. For species that 

lengthened DUR with high minimum temperature, the natives had longer flowering 

durations than the non-natives, and most non-native species’ FFDs did not respond to 

precipitation. This suggests that these non-natives will thrive in the future if the 

current trends continue; if minimum temperature continues to increase, DURs would 

lengthen, providing more opportunities to reproduce. By the same logic, native 

species that lengthen their flowering duration in response to high minimum 

temperature could also do well in the future; they might even perform better than their 

non-native counterparts because they have longer flowering durations. However, non-

natives still might gain the upper hand because we found the groups with mostly non-

native species had thinner leaves (lower SLA) than the groups of mostly natives, so 

non-natives have larger surface area for photosynthesis, allowing for rapid growth. 

The only study that we found comparing invasive to native species’ climate responses 

had different outcomes than ours, finding that both groups advanced with warming, 

but that non-natives were more sensitive to changes in climate than natives 

(Wolkovich et al. 2013).   

Differences in responses of species to climate shifts might be related to overall 

climate. Our results are consistent with previous work in Mediterranean-type 

climates, showing that flowering season, life history, and functional group do not 
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predict phenological response to climate (Cleland et al. 2006, Hovenden et al. 2008, 

Valencia et al. 2016). However, in other climate regimes, early season bloomers 

generally advance phenology more than late season bloomers (Miller-Rushing and 

Primack 2008, Molnár et al. 2012, Wolkovich et al. 2012, Mazer et al. 2013, Bock et 

al. 2014). Clearly, too few studies of this nature exist as a basis of comparison. 

In many cases, the groups predicted by the CART analysis were cued by 

climate at different times of the year. Therefore, divergent responses to the same 

climate variable could be explained by species being sensitive to it at different times. 

Few studies have tested this theory, but they support our findings (Cook et al. 2012, 

Bolmgren et al. 2013, Dai et al. 2013). Therefore, our work shows that studies aiming 

to predict species’ responses climate change should attempt to find, and focus on the 

seasons that cue phenology, rather than using yearly averages, or assuming that 

species respond to all climate components in the same season. 

Conclusions 

 Phenology has changed between 1989-1998 and 2011-2015, and also differed 

between the coast and inland grasslands, likely driven by climate. Generally, FFD 

was earlier in the resurveys, but responses of LFD and DUR depended on location. 

The coast flowered earlier and for longer than inland grasslands, and overall, inland 

grasslands have changed more over time than coastal grasslands. We compared the 

phenology variables to each climate variable to determine if differences between the 

survey periods and between the coast and inland were due to climate. Generally, 
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differences between the survey periods and between the coast and inland were 

explained by minimum temperature and precipitation, with the resurveys and coastal 

grasslands having earlier FFDs, LFDs and longer DURs caused by high minimum 

temperature and low precipitation.  

Differences in traits, and timing of sensitivity to the climate variables 

explained differences among species in phenological responses to climate. 

Specifically, leaf flatness and native versus non-native predicted phenological 

response to climate. However, we found little evidence to support our initial 

hypothesis that avoider versus tolerator strategies show different phenological 

responses to climate.  
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Chapter 2: Figures and Tables 

 
Table 1: Sites resurveyed from 2011-2015. 
Site Site code Habitat 

type 
Distance 
from coast 
(km) 

Bonny Doon Ecological Reserve BD Sandhills 6.9 
Henry Cowell State Park GH Sandhills 8.7 
Quail Hollow Ecological Reserve QH Sandhills 13.7 
Quail Hollow Quarry SR Sandhills 12.6 
Moore Creek Preserve MS Grassland 3.0 
Watsonville Airport WA Grassland 6.0 
Marshall Field MF Grassland 7.1 
Cupcake Hill CH Grassland 11.7 
Glenwood Preserve GW Grassland 11.8 
Lucilles Court  LC Grassland 12.3 
 
Figure 1: Map of Santa Cruz County (enlarged portion of the red square on the map 
of California) and the sites resurveyed from 2011-2015 
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Table 2: Categories of flowering intensity used during our field surveys 
Code Flowering intensity 
0 Not blooming (species may or may not be present during that survey) 
1 Few plants in a population with open flowers, most of the population still 

bud or not reproductive yet.  
If only one plant present at site, only a few flowers on it open; most in bud 

2 1/3 – 2/3 of the plants in a population with open flowers, the remaining 
plants still in bud or not reproductive yet.  
If only one plant present, 1/3 – 2/3 of flowers on it open, the others still in 
bud. 

3 Most plants in population with open flowers, some still in bud, others with 
senescing flowers. 
If only one plant present, most flowers on it open, some still in bud, others 
senescing. 

4 1/3 – 2/3 of plants in a population with open flowers, the remaining plants 
senescing. 
If only one plant present, 1/3 – 2/3 of flowers on it open, the remaining 
flowers are senescing. 

5 Few plants in a population with open flowers, most of the population 
finished flowering.  
If only one plant present, only a few flowers on it open; most have 
senesced.  
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Table 3: Traits characterizing harsh condition avoidance or tolerance. Column “a” lists the traits used in the analysis. Column 
“b” lists the categories for each trait variable that are associated with being an tolerator-type species, along with an explanation 
why.  Column “c” lists the categories for each trait variable that are associated with being an avoider-type species, along with 
the reason why. 
a. Trait b. Tolerator-type traits c. Avoider-type traits 
 Trait value Reason Trait value Reason 
Leaf margins Entire leaf margins  

OR 
Highly dissected leaves  
 

Less water loss at leaf apices. 
OR 
For increased evaporative 
cooling 

Toothed leaf margins,  
OR 
dissected leaf margins  
 

Leaf apices have higher 
photosynthesis which causes 
faster growth 
 

Leaf flatness Folded leaves, curled leaves  
 

Increased boundary layer 
thickness for water retention 

Flat leaves Higher photosynthetic area 
 

Leaf retention Evergreen 
 

Retain leaves year-round for 
constant, but slow growth 

Annual, deciduous, dormancy  
 

To conserve energy for rapid 
growth in optimal conditions 

Storage organs 
(present/ 
not present) 

Storage organs present  
 

To store water and nutrients 
for growth during limiting 
conditions 

No storage organs  
 

Need to allocate energy to 
rapid growth 
 

Hair 
(present/ 
not present) 

Hair present  Increased boundary layer 
thickness 

Hair not present  
 

Need to allocate energy to 
rapid growth 
 

Color Light color  
 

To increase solar reflectance 
 

Dark green  
 

High chlorophyll content for 
high photosynthesis 

Succulence  
(present/ 
not present) 

Succulence present  
 

To store water Succulence not present 
 

Need to allocate energy to 
rapid growth 
photosynthetic area 

Specific leaf area Low Avoids water loss High 
 

Thin leaves maximize 

δ13C  
(WUE) 

High 
 

High water use efficiency 
avoids water loss through 
stomata 

Low 
 

High water loss, but high 
photosynthesis for rapid 
growth 
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Table 4: Analyses and their purposes. Parentheses in first column refer to section of methods.  
Objective Statistics Output Data 
(I.i.) Estimate sampling bias in 
FFD/LFD  

Cyclic P-spline, Poisson GAMs Predicted Julian dates of flowering 
intensity per species, compared to 
survey data. Supplementary 
Material Figure 7 

Predictor: Julian date 
Response: Flowering intensity 

(I.ii) Minimize bias in 
FFD/LFD/DUR estimates due to 
population size 

In all analyses, we gave 
observations from larger 
populations higher weight. 

Weighted analyses. Population size of each species at 
each site, FFD/LFD/DUR 

(I.iv) FFD/LFD/DUR indices, used 
in all analyses instead of Julian 
date  

For each species: FFD/LFD/DUR 
index = (observation – species 
minimum)/(species maximum – 
species minimum) 

Earliest FFD/LFD dates, shortest 
DUR = 0 
Latest FFD/LFD and longest DUR 
= 1 

FFD/LFD/DUR 

(II) Find differences between 
survey periods and coast/inland 
grasslands 

Mann-Whitney-Wilcoxon test 
 

Significant difference if p< critical 
alpha. Tables 5, 6. 

Predictor: survey time period, 
location (coast v. inland) 
Response: FFD/LFD/DUR indices 

(III.i)Timing of sensitivity to the 
climate variables 

Random Forest Ranks fit of each lagged climate 
variable to FFD/LFD/DUR. Used 
in GLM models, and to compare 
seasons of sensitivity to climate 
(Table 8) 

Climate lagged 1-12 months before 
FFD/LFD/DUR for all sites/years 
combined 

(III.ii) Responses to climate 
variables; assess site/year 
differences 

GLM Relationship of each climate 
variable to FFD/LFD/DUR. Table 
7 

Predictors: tmax + tmin + ppt, 
lagged from Random Forest 
output, all possible combinations. 
Response: FFD/LFD/DUR indices 
for each site/year.  

(III.ii) FFD/LFD/DUR Effect Size Slope of the line (from 
GLM)*range of the climate 
variable 

Standardize responses of 
FFD/LFD/DUR to climate 
variables across species. Used as 
predictors in CART analysis: Table 
8, Figures 4,5) 

FFD/LFD/DUR versus climate 
variables 

(IV.i) Predict among-species CART Classification trees, with species Target variable/leaves: trait values 
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differences in response to climate 
using traits 

grouped based on their traits and 
responses to climate/seasonality. 
Table 8, 
Figures 4,5 

Nodes: FFD/LFD/DUR effect, 
seasonality (Julian date 
FFD/LFD/DUR) 

(IV.ii) Compare times of the year 
species are sensitive to climate 
among CART groups 

Determine the season in which 
each species responds to each 
climate variable, tally for each 
CART group. 

Table 8: Winter, Spring, Summer 
and Fall columns. Number of 
species sensitive to each climate 
variable in each season for each 
CART group. 

Random Forest output (timing of 
sensitivity), CART output 
(groups). 

(IV.iii) Determine if SLA and 
WUE differ among the CART 
groups 

One-way ANOVA P<0.05 = groups differ. 
Table 8: SLA column 
 

Predictor: CART groups 
Response: SLA/WUE 

 

 

Table 5: Comparisons between 1990s versus 2011-2015 surveys for each location. Values are index means and standard error 

for each time period at each location. We used Mann-Whitney – Wilcoxon test, with a Bonferroni critical alpha value of .011. 
Asterisks indicate significance at critical alpha = 0.011: *0.011-.001, **.001-0.0001, ***<0.0001 

Location 
First flowering date Last flowering date Flowering duration 

1989-1998 2011-2015 1989-1998 2011-2015 1989-1998 2011-2015 
Coast 0.42 ± 0.022 0.42 ± 0.015 0.40 + 0.022 0.44 ± 0.015 0.46 ± 0.026 0.49 ± 0.016 
Inland 0.57 ± 0.013 0.46 ± 0.009*** 0.49 ± 0.016 0.45 ± 0.009 0.43 ± 0.017 0.49 ± 0.010* 
Sandhills 0.55 ± 0.011 0.47 ± 0.009*** 0.52 ± 0.012 0.47 ± 0.009** 0.46 ± 0.013 0.45 ± 0.009 

110 
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Figure 2: Comparisons between 1990s versus 2011-2015 surveys for each location. X 

axis is index of FFD (2a), LFD (2b) and DUR (2c), y axis is proportion of 

observations within each bin (bins of 0.1). Lines are Loess curves. Black lines/points 

are resurveys, gray lines/triangles are historical surveys. 
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Table 6: Comparisons between coast versus inland grassland surveys for each time period. Values are index means and 
standard error for each time period at each location. We used Mann-Whitney – Wilcoxon test, with a Bonferroni critical alpha 
value of .017. Note that these values are not the same as those in table 4 because the coast versus inland analysis had different 

criteria for including species than the change over time analysis. Significance at critical alpha (0.017): *0.017-.001, **.001-

0.0001, ***<0.0001 

Time 
First flowering date Last flowering date Flowering duration 

Coast Inland Coast Inland Coast Inland 
1989-1998 0.43 ± 0.022 0.57 ± 0.015*** 0.39 ± 0.021 0.47 ± 0.018* 0.45 ± 0.025 0.41 ± 0.019 
2011-2015 0.41 ± 0.015 0.46 ± 0.011* 0.44 ± 0.016 0.45 ± 0.011 0.50 ± 0.017 0.49 ± 0.013 

112 
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Figure 3: Comparisons between coast versus inland surveys for each survey period. X 

axis is index of FFD (3a), LFD (3b) and DUR (3c), y axis is proportion of 

observations within each bin (bins of 0.1). Lines are Loess curves. Black lines/points 

are coast, gray lines/triangles are inland surveys. 
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Table 7: Responses of flowering phenology to each climate variable based on GLM 

models of FFD/LFD/DUR versus all the climate variables for each species. Values 

are numbers (and percent) of all species’ responses (e.g., in days) as temperature or 

rainfall increased, and are based on estimates of Effect Sizes. Delay/lengthen means 

FFD and LFD were later and duration increased; no response means that phenology 

was not significantly related to climate; and advance/shorten means that FFD and 

LFD were earlier, and duration declined. 

Phenology 

Variable Climate Variable 

% Advance/ 

Shorten 

% 

No response 

% Delay/ 

Lengthen 

FFD 

(N=134) 

Precipitation 22% 47% 31% 

Maximum Temperature 30% 49% 21% 

Minimum Temperature 61% 17% 22% 

LFD 

(N=137) 

Precipitation 21% 29% 50% 

Maximum Temperature 22% 53% 25% 

Minimum Temperature 57% 12% 31% 

DUR 

(N=126) 

Precipitation 47% 24% 29% 

Maximum Temperature 22% 52% 26% 

Minimum Temperature 21% 31% 48% 

  

Table 8: Community-wide responses of flowering phenology to each climate variable 
based on GLM models of FFD/LFD/DUR versus the climate variables, for all species 

combined. Values are Effect Sizes (effect of each climate variable on 

FFD/LFD/DUR, see Table 4 for explanation), values in parentheses are the lag times 

for each climate variable (1=one month before FFD/LFD/DUR, 2=two months), as 

determined by random forest.  

Y= Precipitation Minimum temperature Maximum temperature 
FFD 0.13 (2) -0.55 (2) No response 
LFD 0.09 (1) -0.45 (2) -0.09 (2) 
DUR 0.06 (1)  0.25 (1) -0.06 (1) 
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Table 9: Characteristics of each trait group. The group column number corresponds to the groups given on the CART trees 
(Figures 2-4). The seasonality column is the average FFD/LFD/DUR for each species across all observations. The climate, 
phenology and effects columns measures the strengths of FFD/LFD/DUR responses to the climate variable: <0 = advances of 
FFD/LFD or shortening of DUR with higher climate variable values, zero = no response, >0 = delays or lengthening. 
Ppt=precipitation, Tmin=minimum temperature, Tmax=maximum temperature. Seasons reflect when phenology is most 
sensitive to the climate variable. Numbers under each season column indicate the number of species sensitive to climate for 
that climate and phenology variable for the season. The SLA column are the means and SE of each trait group, numbers in 
parentheses are numbers of species for which SLA was measured in the group. We did not include WUE since it did not differ 
significantly among the groups for any trait. We put the p-value for the one-way ANOVA assessing SLA differences among 
CART groups in parentheses under the trait column). 
Trait Group Seasonality Climate Phenology Effect Winter Spring Summer Fall SLA 

Native vs Non-
native 
(SLA: p=0.0052) 
  
  
  
  

1 NA Tmin DUR <0.23 4 40 10 5 14.7 ± 0.9 (36)  

2 DUR>=67 Tmin DUR >=0.23 0 17 8 0 16.3 ± 1.7 (11)  

3 DUR<67 
PPT FFD >=0.12 6 1 0 0 

17.7 ± 2.1 (4)  
Tmin DUR >=0.23 0 2 5 0 

4 DUR<67 
PPT FFD <0.12 1 3 1 0 

21.3 ± 2.2 (6)   
Tmin DUR >=0.23 0 4 9 1 

Leaf flatness 
(SLA: p=0.113) 
 
 
 
 
 
 
 
 
 
 

1 NA PPT 
FFD >=0.18 7 4 0 0 

15.4 ± 2.1 (4)   
LFD >=0.19 4 6 0 1 

2 NA 
PPT 

FFD <0.018 1 2 1 0 

19.6 ± 2.4 (7)   LFD >=0.19 2 17 0 1 

Tmin LFD <-0.32 1 18 0 1 

3 NA 
PPT 

FFD <0.18 2 5 0 0 

17.9 ± 1.4 (6)   LFD >=0.19 5 7 2 2 

Tmin LFD >=-0.32 1 6 2 2 

4 
FFD before 
March 13th 

PPT LFD <-0.19 3 2 0 0 16.4 ± 2.1 (7)   
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5 

FFD after 
March 13th 

PPT 
LFD <0.19 0 3 10 3 

12.9 ± 1.2 (13)  
DUR <-0.22 0 8 15 2 

6 
FFD after 
March 13th 

PPT LFD <0.19 4 19 12 2 
16 ± 1.4 (20)  

PPT DUR >=-0.22 2 23 17 2 

116 
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Figure 4: CART analysis for native versus non-native species. Group predictors are 

response to climate variables and seasonality (see Table 7). DUR indicates average 

number of days the species flowers. Effect indicates the Effect Size values (-1 to +1) 

that differentiated groups. Numbers for each trait value for each group indicate the 

number of species with each trait value within that group. N= 104 native, 40 non-

native. 
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Figure 5: CART analysis for leaf flatness. Group predictors are response to climate 

variables and seasonality (explained in table 7). Seasonality is denoted by FFD, LFD 

at a node, and indicates the month in which that phenological event occurs. Effect 

indicates the Effect Size values (-1 to +1) that differentiated groups. Numbers for 

each trait value for each group indicate the number of species with each trait value 

within that group. N= 24 curled, 72 flat, 54 folded. 
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Chapter 3: Integrative effects of multiple climate components, genetics and plant 

performance on flowering phenology 

 

Abstract:  

Premise of research: Plant phenology reflects multiple climate components, genetics 

and plant performance (size, fitness, physiology). The goal of this study was to link 

these factors using a single experiment, since few studies have done so.  

Methodology: We experimented with three annual dicot species: Lasthenia gracilis, 

Minuartia douglasii, and Spergula arvensis from grasslands and sandhills in central, 

coastal California. We simulated spring conditions of low and high maximum 

(daytime) and minimum (nighttime) temperatures and precipitation in growth 

chambers, and assessed phenology, water use efficiency, size and fitness. We 

evaluated genetic effects using maternal families from seeds collected at different 

locations and sites.  

Pivotal Results: In all species, both drought and high maximum temperature 

advanced senescence and shortened flowering, while high maximum temperature 

advanced first flowering date. Most plants that flowered for a shorter time used water 

more efficiently, were smaller and showed reduced fitness through smaller flowers, 

and had fewer seeds and fruits than plants that senesced later and flowered for longer. 

Minimum temperature mostly had no effect. Variation among individuals within 

families usually explained the largest portion of the variance. Maternal lines within 

sites explained a larger portion of the variance for S. arvensis than L. gracilis and M. 
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douglasii, while site explained a larger portion of the variance in L. gracilis than S. 

arvensis. Flowering phenology did not differ among locations. 

Conclusions: Climate affected flowering phenology and water use efficiency, which 

influenced size and fitness. Increasing maximum temperature and drought negatively 

affected size and fitness, likely because plants conserved water, shortening the 

flowering period. Phenotypic plasticity explained most variation in flowering 

phenology, while the contribution of site and maternal line varied among the species 

and phenology variables. This suggests that, in our system, phenotypic plasticity 

generally influences flowering phenology more than genetics. 

 

Introduction 

Seasonal environmental cues and genetics drive the timing of life history 

events, and affect how phenology modifies plant performance (Wilczek et al. 2010). 

Using the environment to cue phenological events increases an individual’s chances 

of growing during the most favorable conditions (Parmesan and Yohe 2003; Cleland 

et al. 2012; Springate and Kover 2014), enhancing size and fitness (Franks 2011). 

Genetics can also influence phenological response to climate, and often drives spatial 

patterns of phenology (Esther R. Frei et al. 2014; Kooyers et al. 2015). Both genetic 

and plastic components of phenology determine how species respond to 

environmental cues, although the degree of plasticity can also be under genetic 

control (Wilczek et al. 2010; Gugger et al. 2015). Since the environment, genetics and 

plant performance all influence phenology, a complete study of phenological 
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responses to climate change should ideally include all of them. Our study is one of the 

few (for others see: Franks and Weis 2008, Sherrard et al. 2009, Franks 2011, Wolfe 

and Tonsor 2014) that combines these three approaches; we expand on this work by 

manipulating multiple climate components and assessing size, fitness and physiology 

in one study.  

 

Phenological responses to climate 

Early season phenophases such as leafing out, green-up and initiation of 

flowering generally occur earlier with climate warming (Teramura et al. 1981; 

Villalobos and Ritchie 1992; Arft et al. 1999; Schwartz and Hanes 2010; Garruna-

Hernandez et al. 2012; Sadras and Moran 2013). Senescence events, leaf shedding 

and dormancy occur later in cold-deciduous climates in response to climate warming 

(Dunne et al. 2003; Menzel et al. 2006; Zhou et al. 2011), but these phenophases have 

mixed responses to warming in regions with Mediterranean-type climates (Gordo and 

Sanz 2005; Spano et al. 2013; Valencia et al. 2016).  

Phenology can respond to drought, though responses are mixed (Llorens and 

Peñuelas 2005; Cleland et al. 2007; Franks and Weis 2008). Plants flowering earlier, 

tend to grow and reproduce quickly and escape subsequent hot and dry conditions 

(Franks et al. 2007). Conversely plants flowering later with drought have lower 

photosynthetic rates and, therefore, are unable support rapid growth and reproduction 

early in the season (Llorens and Peñuelas 2005). 
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Climate variables can also interact with each other and influence phenology 

(Diez et al. 2012; Mazer et al. 2015; Matthews and Mazer 2016), yet few 

experimental studies of phenology simultaneously manipulate multiple climate 

components (but see Cleland et al. 2006, Sherry et al. 2007, Adams et al. 2015). 

Moreover, most studies manipulate average temperature, instead of parsing out the 

individual effects of minimum and maximum temperature (but see Llorens and 

Peñuelas 2005, Fu et al. 2016). Understanding the separate effects of each climate 

component is crucial because each has changed differently over time (Pachauri and 

Meyer 2014), and can vary differently across the landscape (Abatzoglou et al. 2009).  

 

Genetic versus environmental effects on flowering phenology 

This paper focuses on flowering phenology, which is influenced by both 

environmental factors and genetics. In most reciprocal transplant and common garden 

experiments, plants shift their flowering times in different environments, suggesting 

flowering phenology is phenotypically plastic; phenology also differs among plants 

originating from different environments, suggesting plants also differ genetically by 

location (Wagner and Simons 2009; Haggerty and Galloway 2011; Kawai and Kudo 

2011; Esther R Frei et al. 2014; Esther R. Frei et al. 2014; Gugger et al. 2015). The 

relative contribution of genetic versus environmental effects determines whether 

plants respond to climate change through plasticity or rapid evolution, and can also 

provide insight into how a species will respond to conservation and restoration efforts 

that attempt to mitigate the effects of climate change.  
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Phenology and plant performance: physiology, size and fitness 

  

High photosynthesis rates promote rapid growth and reproduction (Lambers et 

al. 2008), but at the expense of water use efficiency (WUE: the ratio of carbon 

assimilated vs. water lost through transpiration) (Lambers et al. 2008). In 

Mediterranean-type climates, summers are warm and mostly receive no rainfall; in 

response some plants have evolved low WUE to promote growth and reproduction in 

order to escape these summer conditions (Franks 2011). To do this, these plants need 

to be sensitive to water and heat cues; plants that are more sensitive to climate are 

able to escape drought and high heat by flowering earlier, and, therefore, are larger 

and have higher fitness than plants that are less sensitive to climate (Franks and Weis 

2008; Cleland et al. 2012). However, plants also conserve water during droughts: 

plants grown in experimentally-induced droughts use water more efficiently and 

flower earlier, but are smaller than plants of the same genotype that are well-watered, 

reflecting a tradeoff between growth and reproduction due to resource limitation 

(Sherrard et al. 2009; Wolfe and Tonsor 2014).  

 

Study focus 

 Our study focuses on how flowering phenology responds to climate, how this 

is influenced by genetics, and how these factors influence plant performance. To 

evaluate how local climate has shaped patterns of genetic variation in flowering 
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phenology, we selected plants growing along a coast to inland gradient within a 

maritime region, and used maternal lines from several species and locations in an 

experiment modifying minimum and maximum temperatures and available water. 

Our study goals were to: 1) determine how flowering phenology responds to climate, 

2) characterize the relative contributions of genetics and the environment to flowering 

phenology, and 3) determine the relationship between flowering phenology and plant 

performance.  

 

Methods 

Background 

Climatic variation in the study region 

Our study system, in Santa Cruz County, along the central coast of California, 

has a Mediterranean-type climate: cool, wet winters and hot dry summers moderated 

by coastal fog (Minnich 2007). However, the climates at our study sites vary spatially 

due to coast-inland differences and rugged topography. Due to the Santa Cruz 

Mountains, elevation varies among sites, and there is an orographic effect on 

precipitation. Locations closer to the ocean (referred to as “coastal” in this paper) are 

more strongly influenced by maritime conditions than inland; due to buffering by fog 

coastal sites have less precipitation, higher minimum temperatures and lower 

maximum temperatures (Oshiro, unpublished). 

Habitat types 
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We studied two habitat types: sandhills, which are found only inland, and 

grasslands, which occur both near the coast and inland. Sandhills are narrowly 

distributed, isolated sand deposits formed in the Miocene, when sea level was higher 

and much of Santa Cruz County was submerged beneath the Pacific Ocean. Sand was 

deposited once sea level receded; the land subsequently rose, forming the sandhills 

(McGraw 2004). Due to low water retention in the soil and high albedo from the light 

colored sand, sandhill plants are adapted to high heat and low water. By contrast, 

grasslands have darker, more fertile soils and high biodiversity (Stromberg et al. 

2001).  

Study species 

We studied three annual species: Spergula arvensis L., Lasthenia gracilis 

(DC.) Greene, and Minuartia douglasii (Fenzl ex Torr. & A. Gray) Mattf . S. arvensis 

grows at both coastal and inland grasslands, M. douglasii grows at only the sandhills, 

and L. gracilis grows at all three locations. We tried to grow several species occurring 

in both coastal and inland grasslands, but only S. arvensis and L. gracilis grew most 

consistently and produced adequate amounts of seed. M. douglasii was the only 

sandhill species that would grow. S. arvensis and M. douglasii are both in the family 

Caryophyllaceae and have a high degree of self-pollination; their fruit capsules 

dehisce, releasing multiple ripe seeds (Jepson Interchange, 2016). S. arvensis is native 

to Eurasia; throughout California and North America it grows in most habitat types 

(Jepson Interchange, 2016). We collected S. arvensis at two coastal and two inland 

grassland sites (Table 1). 
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M. douglasii is a native growing mostly in sandhills in Santa Cruz County, but 

more generally in chaparral habitats with poor soils (Jepson Interchange, 2016). We 

were only able to collect seeds at one sandhill site due to collection restrictions at the 

sandhills, since it is a threatened habitat type (Table 1). L. gracilis is a native 

Asteraceae species from both sandhills and grasslands in Santa Cruz County, and 

grows in most habitat types throughout California; it is mostly outcrossing, with 

composite flowers that easily drop ripe seeds (Jepson Interchange, 2016). We 

collected L. gracilis at one coastal and three inland grassland sites, and one sandhill 

site (Table 1). All three of these species typically germinate in winter, begin 

flowering in March, and senesce by May.  

 

Experiment 

Pre-experiment procedures 

i.  Removing maternal effects:  We planted all seed at the UCSC Plant Growth 

Facility, growing the plants in benign conditions (ample water, cool temperatures) to 

maximize seed production. We planted each site and species in separate flats within 

cages covered with bridal veil to prevent cross pollination. We hand pollinated each 

plant within a site.   

ii. Maternal lines: We collected seeds from all plants in the maternal generation and 

intended to grow plants from 6 maternal lines per site for each species; but we could 

not always get enough maternal plants to grow. We obtained: 4 mother plants from 
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M. douglasii, and 2 each from sites at Cupcake hill and Glenwood, and 5 each from 

sites at Lucilles court and the sandhills L. gracilis (Table 1).  

 

iii. Growing the experimental plants: To increase plant survival to flowering 

(especially in the drought/high heat treatments), we began the experiment when all 

plants had 2 true leaf nodes. First we sowed all seeds from each maternal plant into 

one 7.6 cm pot. We stratified L. gracilis and M. douglasii pots for 13 days at 3oC in a 

dark refrigerator to promote germination and then put them into a growth chamber 

(8oC nighttime and 11oC during a 10 hour daylight period; these conditions promote 

growth) along with S. arvensis (which does not need to be stratified). We transplanted 

the seedlings into individual conetainers once they had their first true leaves. Since 

we had 8 treatments and 4 replicates per treatment each mother plant needed to 

produce at least 32 seedlings, however many maternal lines did not, so some 

treatments had as few as one replicate per maternal line.  

 

Experimental Design 

Approach  

We tested how minimum temperature (tmin), maximum temperature (tmax) 

and precipitation (ppt) affected phenology. To determine the high and low minimum 

and maximum temperatures, we used the 10th and 90th percentiles for each 

environmental variable for all study sites combined during the growing season; this 
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was based on PRISM’s (prism.oregonstate.edu) monthly averages from 1980-2015 

(Table 2).  

We started the experiment simulating March (when these species generally 

initiate flowering) temperature and precipitation, and ended the experiment 

simulating the conditions in which the species tend to senesce (May; Table 2). During 

the 60 days, we increased spring photoperiod (i.e., lights on/off) by one hour every 20 

days from the start (11 h light) through day 60 (14 h light).  

We applied the maximum (= daytime) temperature during daylight hours, and 

minimum (= nighttime) temperature when the lights were off (Table 2). We increased 

maximum temperature by 1oC every 12 days in the 10th percentile treatment, and 10 

days in the 90th percentile treatment. At our study sites the 10th percentile of 

minimum temperature is 1oC in March and 4oC during May, and, for the 90th 

percentile, is 4oC in March and 7oC during May. We increased the 90th percentile 

minimum temperature treatment by 3oC, and increased its temperature every 20 days. 

However, the minimum temperatures meant to simulate the 10th percentile were kept 

at 4oC throughout the experiment because the growth chambers did not go below 4oC.  

To simulate precipitation we filled plastic containers (26 L, 0.24 m2 surface 

area) with water that the plants absorbed through the bottom of the conetainers placed 

in floral foam. The total amount of water given to each plastic container per month 

equaled the area of the container multiplied by total rainfall (10th and 90th percentiles) 

per month. The drought treatment (10th percentile) received 1 liter of water per week 

(total monthly rainfall = 19 mm). If plants wilted before flowering we added another 
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1 L of water per week, so they would stay alive to flower. We watered the 90th 

percentile treatments as needed to keep the water 25 mm deep in the containers, at 

least 4 L per week. After 45 days we stopped watering the drought treatment plants, 

reduced the well-watered treatment to 0.5 L on day 52 and stopped watering on day 

60. After this point, we gave plants that had not yet flowered an additional 5 ml of 

water individually every 4 days until flowering or death.  

Treatments 

We applied one of 4 temperature treatments to each of four growth chambers.  

Within each growth chamber we had the two precipitation treatments using four water 

filled plastic containers per precipitation level (four replicates per 

treatment)(Supplementary Material Figure 1). To minimize growth chamber effects, 

we rotated and reprogrammed growth chambers three times during the experiment 

(every 2 weeks).  

To reduce position effects within a growth chamber, we randomly rotated: (1) 

the position of each plant within a foam block each monitoring date; (2) the position 

of each foam block within the plastic container every two sampling dates; and (3) the 

position of each plastic container within a growth chamber once a week.  We 

collected data for one plastic container per treatment every day, so each plant was 

measured every four days.   

Each watering replicate (plastic container) had six foam blocks, with one plant 

from each maternal line for each species/site combination in a block (Supplementary 

Material Figure 2).  Therefore, we had up to four replicates from each species, site, 
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maternal line combination within each treatment; one complete replicate per plastic 

container (Supplementary Material Figure 3).   

 

Assessing plant responses 

  We recorded first flowering date (FFD) and last flowering date (LFD) as 

number of days since treatment initiation, and measured 12 variables that represented 

plant size, fitness and physiology. Flowering duration (DUR) was LFD minus FFD. 

Size 

  We measured plant height (length of longest flowering or vegetative stem), 

number of leaf nodes (when a plant’s first flower opened), and aboveground and root 

biomass at harvest and then we calculated root:shoot ratio as root biomass divided by 

aboveground biomass. We harvested each plant’s aboveground biomass (after 

removing all reproductive structures) and root ball when the last flower senesced; we 

dried the aboveground biomass at 60oC for 48 hours immediately after harvesting, but 

placed each root ball in a freezer bag, removed as much air as possible, and stored 

them in cool, dry, dark areas until root washes (within three months of harvest). We 

combined all replicates with the same treatment/maternal line combination for 

simultaneous root washing, and then dried the combined, clean roots in a drying oven 

at 60oC for 48 hours. We used the mean dried weight of all replicates.  

Physiology 

  We assessed overall water stress with δ13C, a measure of WUE. We 

harvested the four newest mature leaves of each plant when it first produced flower 
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buds, microwaved them for one minute to halt leaf metabolism, and then placed them 

in a drying oven at 60oC for 48 hours. We combined leaves collected from all four 

replicates of each treatment/maternal line combination, since leaves were small and 

we did not want to defoliate the plants: we homogenized larger samples using the 

reciprocating saw method (Alexander et al. 2007), but ground small samples in a 

plastic vial using a tissue grinder (Scienceware Polypropylene Conical Tissue 

Grinder, 1.5 ml capacity). The UCSC Stable Isotope Facility (UCSC Earth and 

Planetary Sciences Department) analyzed 30-400 micrograms of ground tissue for 

δ13C.  

Fitness  

We assessed several components of fitness: flower size, seed weight, percent 

seed viability and lifetime fruit, seed and viable seed production. Flower size was 

measured for each plant as the diameter of the fully opened first and last flower, and a 

randomly chosen flower during peak bloom (all species have radially symmetrical 

flowers). We recorded the total number of fruits produced per plant and collected 

seeds of the first fruits, fruits during peak fruiting, and fruits on the day of biomass 

harvest. Since M. douglasii and S. arvensis fruit capsules easily release seeds, we 

estimated their individual lifetime seed production by multiplying the average number 

of seeds per intact fruit by the total number of fruits produced, and rounded to the 

nearest integer. To calculate lifetime seed production of plants for which we were 

unable to collect intact fruits we used the average number of seeds per fruit as 

calculated from the other replicates with the same treatment/maternal line 
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combination. We combined all seeds collected from one plant and randomly selected 

ten seeds to weigh as a group (because seeds were very small), and then calculated 

the average seed weight. Because many plants did not have ten seeds, we then 

averaged over each maternal line (per treatment).   

Finally, to estimate percent seed viability and lifetime viable seed production, 

we placed all seeds on wet filter paper in plastic cups (one per plant) in cold storage 

at 5oC in the dark and watered them every seven days. After three weeks, we recorded 

the number that germinated to estimate percent seed viability per site and treatment. 

To calculate lifetime viable seed production, we multiplied percent seed viability by 

lifetime number of seeds. We could not assess L. gracilis’s lifetime fitness because it 

releases its seeds too easily if disturbed, and plants were too small to bag individual 

flowers.  

  

Statistics 

Environmental and Genetic Effects on Phenology 

Because temperature regimes were not replicated, we analyzed environmental 

and genetic contributions to flowering phenology in two steps. First we assessed the 

effects of each climate variable. Then, we tested for genetic variation among 

locations, sites within locations, and maternal lines within sites by using the residuals 

from the first analyses in variance component analyses. Since these two tests were 

part of the same overall analysis, we minimized type-1 errors by dividing the 
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experiment-wide error (P = 0.1) by the number of comparisons (18), so that the 

critical alpha was .006 for all comparisons. 

i. Environmental (climate) effects: We used ANOVA (aov function in the base 

package of R v. 3.3.2, R Core Team 2016) with minimum temperature, maximum 

temperature, and precipitation as predictor variables and FFD, LFD and DUR as 

dependent variables for each species separately. Since this is a split-plot design we 

used the model:  

y = tmax + tmin + ppt + tmax*ppt + tmin*ppt 

ii. Genetic variation: For S. arvensis and L. gracilis, we looked at effects of location 

(fixed effect) and partitioned the variance among the random effects—sites, maternal 

lines within sites, and individuals within maternal lines. We used the residuals of 

FFD/LFD/DUR from the ANOVA models for these analyses. We used REML to 

assess the variance components of  site and maternal line, with the residual variance 

representing variation among individuals within a maternal family (VarComp 

package in R, Qu, 2015) doing separate analyses for each species and phenology 

variable. We determined the significance of the nested random effects (site, maternal 

line, individuals) using Wald p-values, and of location, a fixed effect, using f-tests. 

For M. douglasii, we could only test for variation due to maternal lines, and 

individuals within maternal lines.  

Size, fitness, physiology 

 We used Spearman’s correlations (cor function, base package, R Core Team 

2016) to assess how phenology variables were related to size, fitness and physiology 
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for each species separately. We also evaluated if WUE contributed to size and fitness 

patterns using Spearman’s correlations between WUE and each size and fitness 

variable for each species separately. We defined a weak correlation as one with a 

Spearman’s correlation coefficient below 0.3 (even if p-values indicated statistical 

significance), moderate as between 0.3 and 0.6, and a strong correlation as above 0.6. 

To determine significance of the correlations we used Bonferroni corrections to adjust 

the critical alpha value; with 0.1 as our experiment-wide alpha and 129 total tests 

across all species, performance variables, and phenology variables, we used a critical 

p-value of 0.0007. For most variables, each data point was an individual plant, but 

since many plants did not flower or produce seeds, we used pairwise complete 

observations to retain as many observations as possible. Since seed weight, percent 

viability, and lifetime viable seed production were averaged across maternal lines and 

sites (respectively), we averaged the phenology variables in the same way, so, for 

these variables, each data point was a maternal line/site. 

We also tested effects of treatments on each performance variable using 

ANOVA (aov function, base package, R Core Team 2016), with performance 

measures as dependent variables and minimum temperature, maximum temperature, 

and precipitation as predictor variables. To minimize type-1 errors we used 

Bonferroni corrections to adjust the critical alpha value to account for the 99 tests; at 

alpha = 0.1, our critical p-value was 0.001.  
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Results 

Environmental and Genetic Effects 

First flowering date, flowering duration and last flowering date varied 

markedly in this experiment due to environmental effects and genetic variation 

among maternal lines, sites and locations.  

Environmental effects 

At higher maximum temperatures, FFD was 3-8 days earlier, LFD was 6-12 

days earlier, and DUR was three days shorter than at lower maximum temperature 

(Table 3). M. douglasii was more sensitive than the other two species, with FFD and 

LFD that were, respectively, eight and 12 days earlier than at lower maximum 

temperature; in contrast, similar responses for S. arvensis and L. gracilis were, on 

average, three (FFD) and 6-8 (LFD) days earlier at higher maximum temperature 

(Table 3). However, M. douglasii’s flowering duration did not differ between 

treatments because of relatively large standard errors (Table 3).  

Minimum temperature only affected M. douglasii’s FFD and L. gracilis’s 

LFD, which were five days and one day earlier, respectively, at higher minimum 

temperatures (Table 3).  

Drought did not affect any FFDs, but truncated all three species’ flowering 

durations by ~2-3 weeks because senescence advanced by 14-19 days (Table 3). M. 

douglasii was least sensitive to drought (15 days shorter and senescence 14 days 

earlier in drought than when well-watered), compared to S. arvensis and L. gracilis 
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(16-18 days shorter and senescence16-19 days earlier in drought than well-

watered)(Table 3). 

In general, interactions between precipitation and either maximum or 

minimum temperatures did not significantly affect flowering phenology. However, 

for L. gracilis, drought advanced LFD more at higher maximum temperatures; 

compared to the low maximum temperature/watered treatment, LFD shifted ten days 

earlier in the high maximum temperature/watered treatment, 21 days earlier in the 

low maximum temperature/drought treatment, and 27 days earlier in the high 

maximum temperature/drought treatment (p=0.001). The interaction between 

maximum temperature and precipitation similarly affected flowering duration for S. 

arvensis; compared to the low maximum temperature/watered treatment, DUR was 

eight days shorter in the high maximum temperature/watered treatment, 22 days 

shorter in the low maximum temperature/drought treatment, and 20 days shorter in 

the high maximum temperature/drought treatment (p=0.001).  

Genetic variation 

Differences among individuals within a maternal line (residual variance) 

generally explained more of the variance in FFD, LFD and DUR than sites, or 

maternal effects (Table S2, Figure 1). However, flowering phenology did not differ 

significantly among locations, sites or, except for S. arvensis, maternal lines. 

For L. gracilis, the variance attributed to random effects was partitioned 

differently for each phenology variable. Individual variation within maternal lines 

explained the largest portion of the variance for LFD and DUR, especially for LFD 
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(95, and 49 percent, respectively; Figure 1), but site explained most of the variance in 

FFD (58 percent). For all three phenology metrics, maternal line explained less than 

ten percent of the variance. Differences among locations, sites and maternal lines 

were not significant. 

The partitioning of the variance for S. arvensis was also not consistent among 

the phenology variables (Figure 1). Individual variation within maternal lines 

explained the largest portion of the variance for LFD and DUR, especially for LFD 

(83 and 49 percent, respectively). Variance due to maternal lines was relatively high 

for all three phenology metrics, and explained the largest amount of variance in FFD 

(47, 16 and 48 percent for FFD/LFD/DUR respectively). S. arvensis was the only 

species for which phenology differed among maternal lines (for FFD and DUR); as 

with the other species, phenology did not differ among site and location (Table S2). 

Differences among sites explained the lowest percentage of the variance for all 

phenology variables (17, one and eight percent for FFD/LFD/DUR respectively).  

Individual variation explained virtually all of the residual variance for all 

phenology variables in M. douglasii (Figure 1), including 100 percent of the variance 

in LFD. Differences among maternal lines explained 22 percent of the variance in 

FFD and only three percent of the variance in DUR, though flowering phenology 

components did not differ among maternal lines (Table S2). We could not test for 

location and site effects since M. douglasii was collected at only one site. 

 

Physiology, size and fitness 
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Physiology, size and fitness all generally responded to the treatments. 

Drought, but not temperature, affected water use efficiency; WUE was higher in the 

drought treatment for L. gracilis, though only slightly, and S. arvensis (Table 4a-c). 

Plant size components, both above and below ground, also responded to drought, and 

to a lesser extent, maximum temperature (Table 4a-c). For all three species, drought 

reduced root size more than aboveground size measures; root:shoot ratio and root 

biomass decreased by at least one-third, while aboveground biomass (aboveground 

biomass did not differ for M. douglasii), height, and in S. arvensis, number of leaf 

nodes, typically decreased by less than one-fourth. High maximum temperatures 

reduced aboveground size measures, especially number of leaf nodes, in M. douglasii 

and L. gracilis, but not S. arvensis.  In contrast, high maximum temperatures 

negatively affected root biomass in L. gracilis and especially S. arvensis, but not M. 

douglasii, and lowered root:shoot ratio in S. arvensis. Minimum temperature did not 

affect plant size, except that S. arvensis grew taller in high minimum temperatures.  

Drought and high maximum temperature negatively affected many fitness 

components in all species, but minimum temperature had no effect (Table 4a-c). 

Drought lowered lifetime fruit and seed production by three-fourths in S. arvensis but 

only around one-third in M. douglasii (we could not measure these for L. gracilis), 

and, in S. arvensis, shrunk flower sizes and seed weights. High maximum temperature 

had similar effects as drought, though patterns were more species-specific. High 

maximum temperature reduced fitness in all species, but via different components in 
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each: M. douglasii and L. gracilis had 15-20 percent smaller flowers, while S. 

arvensis reduced its lifetime seed production by almost half.  

Physiology, size and fitness were also linked to the phenology variables. S. 

arvensis and, to a lesser extent, M. douglasii plants that flowered longer had higher 

values of fitness components; L. gracilis had no associations between fitness and 

phenology (however, we were not able to measure lifetime fruit, seed and viable seed 

production for this species, Table 5). S. arvensis plants that began flowering earlier 

and flowered for longer also had larger flowers, heavier seeds (though only for DUR), 

and higher lifetime fruit, seed, and viable seed production; these relationships were 

strong for all three lifetime fitness measures. Last flowering date in S. arvensis was 

only linked to seed weight (weak, positive relationship), but, by contrast, in M. 

douglasii LFD, but not FFD was linked to fitness. M. douglasii plants that flowered 

longer and stopped flowering later had larger flowers, and higher numbers of fruit and 

lifetime seed and viable seed production (though only for DUR, but the correlation 

was strong); except for viable seed production, all these correlations were moderate, 

and seed weight was not related to phenology. Percent viability was not related to any 

of the phenology variables for any species, perhaps because we had too few seeds per 

plant.  

Some above and belowground size measurements were (mostly) moderately 

related to phenology for all species (Table 5). In particular, plants that began 

flowering earlier had fewer leaf nodes, and for S. arvensis and L. gracilis, were taller. 

M. douglasii was the only species for which aboveground size traits were associated 
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with last flowering date or flowering duration; plants with later LFDs were taller and 

had higher aboveground biomass; plants with longer DURs were also taller. For all 

species, later last flowering dates and longer flowering durations were positively 

associated with root weight and root:shoot ratio.  

 In all species, plants that were less drought stressed (more negative δ13C 

value, lower WUE) flowered for longer and were older when they senesced (Table 5), 

though none of these associations were very strong (weak for duration in L. gracilis).  

 Only in S. arvensis was WUE associated with size or fitness, with drought 

stressed plants (higher WUE) being smaller with lower fitness. All size and fitness 

components, except percent viable (not significant), were negatively correlated with 

WUE, and these relationship were strong for number of fruits and seeds (Table 6).  

 

Discussion 

Climate and phenology  

This experiment manipulated minimum temperature, maximum temperature 

and precipitation during the spring growth and reproduction of three annual plants, 

Spergula arvensis, Lasthenia gracilis and Minuartia douglasii. For all species, higher 

maximum temperatures advanced first and last flowering date, and shortened 

flowering duration. This is generally consistent with other annual species, even across 

studies that use an array of experimental and field approaches, including long-term 

field surveys (Miller-Rushing and Primack 2008), open-top chambers (Valencia et al. 

2016), overhead infrared heaters (Cleland et al. 2006; Valencia et al. 2016) and 
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reciprocal transplants (Etterson and Shaw 2001; Milla et al. 2009; Haggerty and 

Galloway 2011; Wadgymar et al. 2015). However, these studies do not separate the 

effects of minimum and maximum temperature; in our work, plants responded mostly 

to maximum, not minimum, temperatures. In drought, our experimental plants did not 

flower earlier with drought, but rather, had earlier senescence and shorter flowering 

periods; these patterns are consistent with drought escape in other studies of 

Mediterranean-type climates (Aronson et al. 1992; Franks 2011).  

We compared the results of the experiment reported in this paper to the 

responses of these same species to climate variables in field surveys of flowering 

phenology from 1989-1998 and 2011-2015 (Oshiro, unpublished). The field work 

included the same sites used for seed collection for the experiment, and a few more 

(Table 1). The two studies were consistent, with a few exceptions. In our growth 

chamber experiment, drought did not affect FFD, but in the field it was associated 

with earlier FFDs in M. douglasii and L. gracilis. All species responded to maximum 

temperature in the experiment, but in the field L. gracilis’ FFD and DUR did not 

respond to it, while warmer maximum temperature delayed LFD; S. arvensis’ DUR 

and LFD did not respond in the field. A major difference between the two studies is 

that minimum temperature had little effect in the experiment, but affected all three 

species in the field though in different ways.  

The discrepancies between the field and experimental studies emphasize the 

difficulty of capturing all field conditions in laboratory experiments. Seasonality 

could have driven inconsistencies in FFD; we simulated spring conditions, but in the 
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field, winter climate was most important to FFD in the spring. However, seasonality 

cannot explain inconsistencies between the two studies in LFD and DUR responses to 

climate, since, in the field, spring conditions cued these events. However, these could 

reflect residual effects of winter conditions, though the interactive effects of seasons 

has not been studied. These patterns suggest that climate is not the sole driver of 

flowering phenology; photoperiod, soil nitrogen, CO2 levels, and pollination mode 

also exert selective pressure on flowering phenology (Nomura and Kikuzawa 2003; 

Cleland et al. 2006; Mazer et al. 2010; Craine et al. 2011; Marchin et al. 2015). 

Photoperiod and CO2 levels were similar in the experiment and field, but we used 

different soil in the experiment than in the field, and did not simulate pollination in 

the experiment. Pollination usually reduced floral longevity and advances flower 

senescence, which shortens the flowering period through earlier last flowering dates; 

though pollinator effectiveness, which is species-specific, also influences these 

factors (Primack 1985; Arathi et al. 2002). Nutrient rich soils also advance phenology 

compared to nutrient poor soils such as serpentine; (Wright et al. 2006; Cardoso et al. 

2012); the soils in our experiment were relatively nutrient rich compared to those in 

the field, especially the sandhills. Like precipitation, the effect of soil water holding 

capacity on phenology varies among species and regions (Borchert 1994; Seghieri et 

al. 2009). Competition and herbivory could also potentially affect phenological 

response to climate, which we did not account for in our experiment, though these 

factors have not been studied in this context. 
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Performance traits 

 In the experiment, plants that senesced later and flowered for longer were 

more likely to be in the well-watered and low maximum temperature treatments, so 

they were larger and had higher fitness components. Specifically, higher above and 

belowground biomass, root to shoot ratios, and in S. arvensis and M. douglasii, plants 

that flowered for longer, had higher fitness components, including higher lifetime 

fruit, seed and viable seed production over their lifetime (all of which could not be 

measured for L. gracilis).  

Studies linking drought and plant performance suggest that annual herbs able 

to escape drought by flowering earlier are larger and have higher fitness through low 

WUE (Mazer et al. 2010; Franks 2011; Lee and Mitchell-Olds 2013; Kooyers et al. 

2015). However, we found little evidence of this. For the most part, FFD was either 

not related to any of the performance variables, or earlier flowering plants were 

smaller. Moreover, plants that stopped flowering earlier, and flowered for a shorter 

time had high WUE, were smaller and had lower fitness components. In S. arvensis, 

high WUE might have contributed to smaller size and lower fitness components, 

since WUE was negatively correlated with size and fitness components. This suggests 

that S. arvensis plants with high WUE are selected against in drought conditions, 

possibly due to low photosynthesis rates. Moreover, S. arvensis showed some drought 

escape traits: plants with earlier FFDs had higher fitness components and were taller. 

S. arvensis might be less drought-tolerant than the other two species, since WUE was 

not related to size or fitness components for them, possibly because S. arvensis did 
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not originate in a Mediterranean-type climate, while the other two species are native 

to California.    

 In other studies of herbaceous annuals, the link between warming and growth 

rate affects the relationship between flowering phenology and performance: warming 

causes plants to grow faster and reproduce earlier, so earlier flowering plants are 

larger (Esther R. Frei et al. 2014; Springate and Kover 2014; Valencia et al. 2016). 

By contrast, in our study, warming did not cause faster vegetative growth, but instead 

appeared to induce a tradeoff between growth and reproduction: plants were smaller 

when they first flowered, possibly due to heat stress. Fitness declines when plants 

complete their life cycle faster due to warming (Haggerty and Galloway 2011; 

Valencia et al. 2016), which is consistent with the patterns in our experiment.  

 

Genetic effects 

In most cases, phenotypic plasticity had the largest influence on FFD, LFD 

and DUR for all three species, while the portion of the variance due to site and 

maternal line differed among the species, and among the phenology variables. 

However, flowering phenology did not differ significantly among location, site or, 

except for S. arvensis, maternal line.  

In many instances, a component (i.e., site, maternal line) explained a large 

portion of the variance, but its levels (e.g., sites CH vs GW) were not significantly 

different, suggesting that even though the levels did not differ from each other, the 

genetic variation of the levels was large (i.e., the spread of the data was large).    



145 
 

Since flowering phenology did not differ among locations for either L. gracilis 

or S. arvensis, local adaptation to coast/inland climate regimes in these species is 

unlikely. This is consistent with the results of the field study for L. gracilis that 

showed no coast-inland differences. By contrast, in the field study, S. arvensis’ FFD 

differed between the coast and inland, but LFD or DUR did not. Consistent with the 

field patterns for S. arvensis, other reciprocal transplants/common garden 

experiments also found genetic differences across the temperature gradients (Etterson 

and Shaw, 2001; Milla et al., 2009; Haggerty and Galloway, 2011; Wadgymar et al., 

2015) and precipitation gradients (Franks, 2011; Lee and Mitchell-Olds, 2013; Wolfe 

and Tonsor, 2014; Gugger et al., 2015; Kooyers et al., 2015).  

The portion of the variance due to site versus maternal line was species-

specific. Site explained a large portion of the variance for L. gracilis, while maternal 

lines explained a large portion of the variance for S. arvensis. FFD and DUR differed 

significantly among maternal lines (meaning that at least one maternal line was 

different than the others) for S. arvensis, but no phenology variables differed among 

maternal lines for L. gracilis or M. douglasii. This suggests that, for L. gracilis, 

among site variation was high, but within site variation was low, so L. gracilis could 

be locally adapted. In contrast, S. arvensis had high genetic variation within sites. M. 

douglasii had relatively low variance due to maternal line, except for FFD; so except 

for FFD, M.douglasii had low genetic variation within a site.   

Climate change might alter the amount of phenotypic plasticity and genetic 

variation within sites. Genetic variation would decrease if climate change selects for 
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plants with similar phenology; for example, if drought and high maximum 

temperature truncate the growing season, plants with earlier flowering genotypes 

would be favored, and plants with later flowering genotypes would be lost (Jump and 

Peñuelas, 2005; Harter et al., 2015). In contrast, high year to year variation might 

select for high genetic variability via selection for high phenotypic plasticity (Jump 

and Peñuelas, 2005; Matesanz et al., 2010; Harter et al., 2015; Vázquez et al., 2017). 

A species would be unable to respond to climate change if it had low genetic 

variability and low phenotypic plasticity. However, all three species in our study 

should be able to respond to climate change through phenotypic plasticity. S. arvensis 

has more genetic variability to adapt to climate change than L. gracilis and M. 

douglasii, possibly because it is a non-native.  The number of introductions of S. 

arvensis to California is unknown, but many other non-natives in California often 

have high genetic variability due to multiple introductions (Dlugosch and Parker, 

2008). 

  

Conclusions 

Our study highlights the importance of manipulating multiple climate 

components, since each climate component had different effects on flowering 

phenology and plant performance, and in a few cases, precipitation and maximum 

temperature interacted. In general, high maximum temperature advanced first 

flowering date, and drought and high maximum temperature each advanced 

senescence and shortened flowering. In these conditions, shorter flowering times were 



147 
 

linked to high WUE, smaller size, and lower fitness. Therefore, in warmer and drier 

years, annual plants would be expected to have lower photosynthesis rates, but flower 

earlier and for a shorter duration, produce smaller roots and have lower reproduction 

than in cooler, wetter years. However, minimum temperature, which has changed 

(increased) the most over time at the study sites (Oshiro, unpublished), had little 

effect on flowering phenology in this experiment.  

Phenotypic plasticity had the largest influence on flowering phenology, and 

the contribution of site and maternal line differed among species and phenology 

variables. S. arvensis generally had more genetic variation than L. gracilis and M. 

douglasii. Incorporating genetics and plant performance into experiments 

demonstrate the complexity of selection pressures on phenology and consequences of 

phenological response to climate. 
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Chapter 3: Figures and Tables 

Table 1: Study sites and species.1  

Site Habitat Distance Species collected 
Bonny Doon Ecological Reserve Sandhills 6.9 . 
Henry Cowell State Park Sandhills 8.7 . 
Quail Hollow Ecological Reserve Sandhills    13.7 . 
Quail Hollow Quarry Sandhills    12.6 M. douglasii, L. gracilis 

Moore Creek Preserve Grassland 3.0 S. arvensis, L. gracilis 

Watsonville Airport Grassland 6.0 S. arvensis 

Marshall Field Grassland 7.1 . 
Cupcake Hill Grassland    11.7 S. arvensis, L. gracilis 

Glenwood Preserve Grassland    11.8 S. arvensis, L. gracilis 

Lucilles Court  Grassland    12.3 L. gracilis 

 

Table 2: Environmental conditions during the experiment.2  

Variable Value Day 0 Day 60 
Tmax (oC) High 24 30 

Low 19 24 
Tmin (oC) High 7 10 

Low 4 4 
Ppt High ~4 L/wk Watering ended day 60 

Low 1L /wk Watering ended day 45 
Photoperiod Day  11 h 14 h 

Night 13 h 10 h 
 

 

 

 

 

                                                 
1 Note: Sites where seeds were collected, plus other sites surveyed in the field study, and their habitat 
types and distances from the coast (km). 
2 Note: Simulated temperature and precipitation values, and photoperiod length for when plants were 

put into the treatments on Day 0 (simulating March climate conditions), and day 60 (simulating May 

climate, typically the end of the growing season for these species in the field). 
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Table 3: Responses of the phenology variables to the treatments for each species.3 

Species 
Pheno-
logy 

Maximum temperature Minimum Temperature Precipitation 

Low High Low High Drought Watered 

L. gracilis FFD 45.4 ± 0.5 41.2 ± 0.6*** 43.7 ± 0.6 42.9 ± 0.6 42.9 ± 0.6 43.6 ± 0.6 
LFD 80.3 ± 0.8 72.1 ± 0.7*** 76.8 ± 0.8 75.6 ± 0.8* 66.6 ± 0.4 85.8 ± 0.5*** 
DUR 34.9 ± 0.9 31.1 ± 0.8** 33.2 ± 0.9 32.8 ± 0.9 23.7 ± 0.6 42.2 ± 0.7*** 

S. arvensis FFD 52.0 ± 0.7 48.8 ± 0.8* 51.5 ± 0.7 49.6 ± 0.7 51.0 ± 0.9 50.3 ± 0.6 
LFD 80.8 ± 0.6 74.0 ± 0.6*** 78.6 ± 0.6 76.8 ± 0.7 67.9 ± 0.5 84.4 ± 0.4*** 
DUR 29.0 ± 0.8 25.2 ± 0.8*** 27.1 ± 0.8 27.4 ± 0.9 17.2 ± 0.8 34.1 ± 0.7*** 

M. douglasii FFD 62.6 ± 1.1 53.9 ± 0.9*** 60.8 ± 1.0 55.8 ± 1.2** 58.1 ± 1.4 58.2 ± 1.0 
LFD 90.0 ± 1.7 77.8 ± 1.3*** 85.1 ± 1.6 82.4 ± 1.8 75.5 ± 1.3 90.9 ± 1.4*** 
DUR 27.3 ± 1.8 24.0 ± 1.5 24.3 ± 1.6 26.8 ± 1.7 17.6 ± 1.3 32.5 ± 1.3*** 

 

 

 

 

 

 

                                                 
3 Note: Values are mean ± SE for FFD/LFD/DUR (in number of days) for each species in each treatment level. Asterisks indicate significant difference 
between levels of each treatment at critical alpha = 0.006: *p=0.006-0.001, **p=0.001-0.0005, ***p<0.0001. 
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Table 4. Responses of plant performance to the treatments for each species (a-c).4  

Maximum Temperature Minimum Temperature Precipitation 
Low High Low High Drought Well-watered 

a) L. gracilis 
Fitness 
Flower size (cm) 1.45 ± 0.01 1.19 ± 0.01*** 1.28 ± 0.02 1.35 ± 0.02 1.29 ± 0.02 1.34 ± 0.01*** 
Seed weight (mg) 0.11 ± 0.02 0.09 ± 0.01***    0.11 ± 0.02 0.09 ± 0.01 0.09 ± 0.00 0.12 ± 0.02*** 
Percent viable 34.0 ± 4.00 17.00 ± 8.00*** 28.00 ± 6.00 26.00 ± 6.00 24.00 ± 7.00 31.00 ± 5.00*** 
Plant size 
Root:shoot 0.67 ± 0.02 0.60 ± 0.03*** 0.62 ± 0.03 0.66 ± 0.02 0.52 ± 0.03 0.75 ± 0.02*** 
Root biomass (g) 0.08 ± 0.00 0.06 ± .000*** 0.07 ± 0.00 0.07 ± 0.00 0.05 ± 0.00 0.09 ± 0.00*** 
Ab. biomass (g) 0.12 ± 0.00 0.10 ± 0.00*** 0.11 ± 0.00 0.11 ± 0.00 0.10 ± 0.00 0.12 ± 0.00*** 
Height (cm) 11.63 ± 0.25 10.36 ± 0.23*** 11.25 ± 0.23 10.74 ± 0.25 9.90 ± 0.23 12.08 ± 0.23*** 
# leaf nodes 17.26 ± 0.41 14.23 ± 0.40*** 15.97 ± 0.39 15.53 ± 0.44 15.04 ± 0.40 16.44 ± 0.43*** 
WUE (δ13C) -35.20 ± 0.05 -34.98 ± 0.06*** -35.21 ± 0.05 -34.97 ± 0.06 -34.82 ± 0.06 -35.35 ± 0.05*** 
b) S. arvensis 

Fitness 
Flower size (cm) 0.73 ± 0.01 0.71 ± 0.01*** 0.72 ± 0.01 0.72 ± 0.01*** 0.66 ± 0.01 0.77 ± 0.00**** 
Fruit number 26.68 ± 1.44 27.25 ± 1.69*** 26.51 ± 1.53 27.42 ± 1.62*** 11.66 ± 0.94 42.11 ± 1.68**** 
Seed weight (mg) 0.29 ± 0.02 0.32 ± 0.02*** 0.30 ± 0.02 0.31 ± 0.02*** 0.32 ± 0.02 0.29 ± 0.02**** 

Seeds lifetime 160 ± 12** 88 ± 13**** 125 ± 145* 124 ± 10***** 47 ± 6**( 200 ± 16***** 
Percent viable 71.00 ± 4.00 58.00 ± 4.00**** 60.00 ± 4.00 7.00 ± 4.00**** 64.00 ± 5.00 65.00 ± 3.00*** 
Viab sds lifetime  119 ± 29** 66 ± 26***** 84 ± 28** 103 ± 29***** 42.2 ± 16*( 141 ± 31***** 
Plant size 
Root:shoot 0.52 ± 0.02 0.33 ± 0.01*** 0.41 ± 0.01 0.44 ± 0.02*** 0.3 ± 0.01 0.55 ± 0.02*** 
Root weight (g) 0.22 ± 0.01 0.13 ± 0.00*** 0.17 ± 0.01 0.19 ± 0.01*** 0.1 ± 0.00 0.24 ± 0.01*** 
Ab. biomass (g) 0.43 ± 0.02 0.37 ± 0.01*** 0.39 ± 0.01 0.4 ± 0.02*** 0.3 ± 0.01 0.49 ± 0.02*** 
Height (cm) 14.54 ± 0.24 15.59 ± 0.23*** 14.29 ± 0.22 15.84 ± 0.24*** 13.09 ± 0.21 17.01 ± 0.22*** 
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# leaf nodes 23.72 ± 0.55 23.23 ± 0.55*** 23.69 ± 0.55 23.26 ± 0.55*** 20.13 ± 0.44 26.78 ± 0.59*** 
WUE (δ13C) -31.60 ± 0.08 -31.46 ± 0.10*** -31.52 ± 0.08 -31.55 ± 0.1**** -30.25 ± 0.09 -32.72 ± 0.03*** 
c) M. douglasii 

Fitness 
Flower size (cm) 1.15 ± 0.02 0.99 ± 0.03*** 1.04 ± 0.03 1.11 ± 0.03*** 1.01 ± 0.03 1.13 ± 0.02*** 
Fruit number 31.49 ± 2.13 24.10 ± 2.08*** 25.60 ± 2.04 30.02 ± 2.25*** 20.7 ± 1.68 34.04 ± 2.13*** 
Seed weight (mg) 0.38 ± 0.01 0.37 ± 0.01*** 0.37 ± 0.01 0.38 ± 0.01*** 0.34 ± 0.01 0.40 ± 0.01*** 
Seeds lifetime 31.49 ± 2.13 24.10 ± 2.08*** 25.60 ± 2.04 30.02 ± 2.25*** 20.70 ± 1.68 34.04 ± 2.13*** 
Percent viable 17.00 ± 4.00 19.00 ± 1.00*** 19.00 ± 3.00 16.00 ± 2.00*** 15.00 ± 3.00 21.00 ± 2.00*** 
Viab sds lifetime 6.00 ± 1.78 4.00 ± 0.71*** 5.00 ± 1.68 5.00 ± 1.22*** 3.00 ± 0.00 7.00 ± 1.29*** 
Plant size 
Root:shoot 0.44 ± 0.04 0.49 ± 0.06*** 0.39 ± 0.04 0.54 ± 0.05*** 0.3 ± 0.03 0.62 ± 0.05*** 
Root weight (g) 0.05 ± 0.00 0.03 ± 0.00*** 0.04 ± 0.00 0.05 ± 0.00*** 0.02 ± 0.00 0.06 ± 0.00*** 
Ab. biomass (g) 0.11 ± 0.00 0.07 ± 0.00*** 0.09 ± 0.01 0.09 ± 0.01*** 0.08 ± 0.00 0.10 ± 0.01*** 
Height (cm) 14.44 ± 0.45 11.89 ± 0.32*** 12.80 ± 0.38 13.54 ± 0.47*** 11.69 ± 0.30 14.64 ± 0.45*** 
# leaf nodes 35.48 ± 1.40 25.12 ± 1.55*** 31.42 ± 1.75 29.48 ± 1.53*** 28.17 ± 1.72 32.54 ± 1.51*** 
WUE (δ13C) 4 -33.84 ± 0.12 -33.60 ± 0.25*** -33.74 ± 0.13 -33.71 ± 0.23*** -33.4 ± 0.26 -34.03 ± 0.08*** 

 

 

 

 

 

                                                 
4 Note: Values are means and standard errors of each performance variable in each treatment level. Viab sds = lifetime viable seed production, Ab. 
biomass = aboveground biomass. Asterisks indicate significance at critical alpha = 0.001: *p=0.001-0.0005, **p=0.0005-0.0001, ***p<0.0001. 
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Table 5: Spearman’s correlations between FFD/LFD/DUR and each size, fitness and physiology variable for each species.5 

 

 

 

 
                                                 
5 Note: Values are Spearman’s correlation coefficients. Viab sds = lifetime viable seed production, Ab. biomass = aboveground biomass. Bold values 
are moderate correlations (Spearman’s correlation coefficient 0.3-0.6), and, bold and underlined values are strong correlations (Spearman’s correlation 
coefficient >0.6). Asterisks indicate significant Spearman’s correlation coefficients at critical alpha = 0.0007: *p=0.0007-0.0005, **p=0.0005-0.0001, 
***p<0.0001. 

 S. arvensis L. gracilis M. douglasii 

Variable FFD LFD DUR FFD LFD DUR FFD LFD DUR 
Fitness 
Flower size -0.31***  0.29*** 0.47*** 0.18*** 0.23*** 0.10*** 0.13*** 0.53*** 0.44*** 
Fruit number -0.70***  0.22*** 0.78*** . . . -0.14*** 0.35*** 0.46*** 
Seed weight -0.24***  0.36*** 0.52*** -0.06*** 0.21*** 0.22*** -0.18*** -0.19*** 0.00*** 
Seeds lifetime -0.65***  0.22*** 0.75*** . . . -0.14*** 0.35*** 0.46*** 
Percent viable -0.36***  0.03*** 0.21*** -0.15*** 0.44*** 0.47*** 0.06*** 0.51*** 0.74*** 

Viab sds lifetime -0.77***  0.37*** 0.86*** . . . 0.11*** 0.78*** 0.94*** 

Plant size 
Root:shoot 0.16***  0.58*** 0.32*** 0.03*** 0.42*** 0.35*** -0.09*** 0.39*** 0.46*** 
Root biomass -0.01***  0.50*** 0.39*** 0.11*** 0.61*** 0.45*** 0.07*** 0.54*** 0.51*** 

Ab. biomass -0.12***  0.03*** 0.12*** 0.16*** 0.40*** 0.25*** 0.24*** 0.36*** 0.22*** 
Height -0.34***  -0.06** 0.23*** 0.30*** 0.26*** 0.06*** 0.16*** 0.41*** 0.34*** 
# of leaf nodes 0.36***  0.15*** -0.23*** 0.35*** 0.09*** -0.15*** 0.38*** 0.24*** 0.02*** 
WUE (δ13C)5 0.20*** -0.41*** -0.48*** -0.10*** -0.33*** -0.23*** -0.08*** -0.43*** -0.4*** 

162 



163 
 

Table 6: Spearman’s correlations between WUE and each size and fitness variable for each species.6 
Variable L. gracilis S. arvensis M. douglasii 

Fitness 
Flower size -0.15* -0.39*** -0.24 
Fruit number . -0.66*** -0.13 
Seed weight -0.19 -0.42*** -0.02 
Seeds lifetime . -0.57*** -0.13 
Percent viable -0.14 -0.14 -0.67 
Viab sds lifetime . -0.65* -0.71 
Plant size 
Root:shoot -0.16* -0.36*** -0.1 
Root biomass -0.17** -0.51*** -0.23 
Ab. biomass -0.06 -0.39*** -0.22 
Height -0.14 -0.5*** -0.27 
# of leaf nodes -0.05 -0.26*** -0.2 
 
 
 
 
 
 
 
 
 
 

                                                 
6 Note: Values are Spearman’s correlation coefficients. Viab sds = lifetime viable seed production, Ab. biomass = aboveground biomass. Bold values 
are moderate correlations (Spearman’s correlation coefficient 0.3-0.6), and, bold and underlined values are strong correlations (Spearman’s correlation 
coefficient >0.6). Asterisks indicate significant Spearman’s correlation coefficients at critical alpha = 0.0007: *p=0.0007-0.0005, **p=0.0005-0.0001, 
***p<0.0001. 
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Figure 1: Percent variance explained by site, maternal lines and individual variation for FFD/LFD/DUR. Components of 
variation are shown in the stacked bars: black = site, light grey = maternal line, white  = variation among individuals within 
maternal lines.   
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Discussion 

 
The aim of this dissertation was to identify climate patterns in coastal 

California and determine the causes and consequences of flowering phenology 

responses to those climate patterns. Characterizing climate and phenology patterns 

within coastal climates is important because climate in coastal areas is expected to 

change less than in interior areas, making the coast a potential refuge from changing 

physical conditions (Ackerly et al. 2015). 

The basis of this study was the Randall Morgan Collection of plant phenology 

observations at 39 study sites in Santa Cruz County from 1989-1998. We resurveyed 

ten sites from this historical dataset, representing grassland and sandhill habitats and a 

range of distances from the coast, elevations, and slope/aspects. Topographic 

variation among the sites allowed us to examine spatial patterns of both climate and 

phenology and how they have change over time. Moreover, the high biodiversity at 

the sites, due to the Mediterranean-type climate that makes the California Floristic 

Province a biodiversity hotspot, allowed us to examine a wide-variety of species, each 

with unique sets of traits. Therefore, our goals were to 1) characterize microclimatic 

variation among the study sites, 2) examine how that variation contributed to patterns 

of phenological responses to climate both in the field surveys and experimentally, and 

3) link phenological response to climate with functional traits and plant performance.  

First, we characterized spatial and temporal patterns of climate and climate 

change across the study sites. The only long-term record of climate that provided 

coverage of each of our study sites was PRISM. PRISM estimates average climate 
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within 4km gridded cells based on topography, distance to bodies of water, elevation 

and atmospheric patterns (Daly et al. 2008). Grid values are based on data from 

weather stations, which record temperature at 2 m above the ground, above where 

most species experience temperature. We found that, at our study sites, these grid 

averages often do not accurately represent microclimate near-the-ground. Differences 

between PRISM and data loggers deployed near-the-ground at each site varied among 

the seasons, for minimum versus maximum temperature, and were related to distance 

from the coast, elevation, and aspect.  

This suggests that using modeled sources of climate data based on weather 

stations (e.g. PRISM) will not reflect the microclimates that species near-the-ground 

experience. This is problematic for studies of biotic responses to climate, 

misrepresenting the climate cues species use, and the thresholds at which species 

respond. However, many studies use these climate data sources because historical 

records of climate near-the-ground are lacking. Spatial patterns of climate near-the-

ground have been characterized in very few systems other than ours, notably the 

Great Smoky Mountains (Fridley 2009) and the south-eastern Sierra Nevada 

(Dingman et al. 2013). Ours was the first to attempt to recreate historical 

microclimate near-the-ground, using relationships between near-ground and PRISM 

temperatures. We can also predict near-ground climate in our study system in areas 

without near-ground data loggers by using the relationship between topography and 

the difference between PRISM and near-ground temperatures. 
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We used the reconstructed near-ground temperatures from 1982-2016 to 

analyze climate change near-the-ground over that time, but found little change. 

Winter minimum temperatures have increased similarly at all sites, from 1.5-2oC, but 

no other climate component or season showed temporal trends. Inter-annual variation 

in maximum temperature has increased in the summer, but decreased in the winter. 

Inter-annual variation in daily rainfall intensity has also decreased in winter and was 

the only variable that differed among sites due to topography, with larger decreases in 

variability over time at higher elevations. Overall, we found that generalizing climate 

across topographically rugged coastal regions oversimplifies the complex patterns 

and processes within the region.   

 Once we characterized the spatial and temporal patterns of climate within our 

study sites, we examined how climate might influence patterns of plant phenology. 

For each species, we compared first flowering date, last flowering date and flowering 

duration in each survey year and site, to climate conditions in that year/site. The 

climate variables had similar effects on phenology, for most species. Increasing 

minimum temperature, and decreasing precipitation advanced first flowering dates, 

and those conditions plus increasing maximum temperature advanced last flowering 

dates; however, increasing minimum temperature lengthened flowering duration, 

while increasing maximum temperature and decreasing precipitation shortened it. We 

then determined if those patterns explained differences between the historical and  

contemporary surveys, and between coast and inland grasslands. First and last 

flowering date was earlier in the resurveys (versus historical) and at the coast (versus 
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inland), likely due to higher minimum temperatures and lower precipitation in those 

sites/years. 

 Although we found general patterns of phenological response to climate, we 

also found species-specific variation. We hypothesized that this was due to species’ 

traits, specifically, adaptive traits to avoid versus tolerate low water and high heat 

during the summer. Therefore, we tested whether traits characterizing avoidance 

versus tolerance, plus life history, life form, and whether a species was native or not 

native predicted phenological response to climate. Only leaf flatness and species 

origin were predictive. These results provided little support for the tolerator versus 

avoider hypothesis. To date, ours is the first study to link phenology and functional 

traits using a suite of traits that influence water relations and heat tolerance, which 

could be crucial for understanding responses to a potentially warmer and drier future, 

as is predicted by several climate models (Mastrandrea et al. 2011, Torregrosa et al. 

2013, Pachauri and Meyer 2014, Ackerly et al. 2015). Species also differed in their 

phenological responses to climate based on when in the year they were sensitive to 

climate, supporting the small, but mounting body of evidence that shows the 

importance of accounting for season of sensitivity in studies of phenological response 

to climate (Cook et al. 2012, Bolmgren et al. 2013, Dai et al. 2013).  

 Finally, we aimed to confirm the results of the field surveys using an 

experiment. We manipulated minimum temperature, maximum temperature and 

precipitation and recorded the phenological responses of three species, Lasthenia 

gracilis, Minuartia douglasii, and Spergula arvensis, and determined whether their 
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coast-inland differences in phenology were genetic or plastic. All three species began 

and ended flowering earlier and flowered for a shorter time in high maximum 

temperature, and stopped flowering earlier and flowered for a shorter duration in 

drought; minimum temperature had little effect. These species’ responses to climate 

in the experiment were generally consistent with their responses in the field surveys. 

However, responses of first flowering date to climate in the field surveys were 

inconsistent with those from the experiment due to seasonality; we simulated spring 

climate, but winter cued these species’ first flowering dates in the field. Again, this 

highlights the importance of accounting for season of sensitivity in phenology 

research. We found larger coast-inland differences in S. arvensis, a non-native 

species, than L. gracilis, a native, which was consistent with the field surveys. In 

general, phenotypic plasticity played a larger role than genetics in influencing 

phenology.  

 In this same experiment, we also examined how flowering phenology was 

linked with water use efficiency, size and fitness. Drought stressed plants (which used 

water more efficiently) stopped flowering earlier, and shortened flowering, and 

consequentially were smaller (both above and belowground) and had lower fitness 

(lower fruit and seed production) than plants with plenty of water that flowered later 

and for longer.  

 Although many studies have examined the links between phenology and 

multiple climate components, physiology, plant performance, or genetics, ours is the 

first to link all these components in one study. Linking all these elements provides a 
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comprehensive, predictive framework for understanding the causes and consequences 

of phenological response to the environment.   
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Appendix 

Chapter 1: Supplementary Material 

 
Table 1: Review of climate change studies in California that include Santa Cruz 
County. North Coast = Point Conception to Oregon border, Central Coast = Point 
Conception to Bodega Bay. COOP networks in Santa Cruz include one coastal and 
one inland station. 

Event 
Method/ 

Measurement 
Trend Years Area Reference 

Minimum 
temperature 

oC /year Increasing 1970-2006 
COOP 

networks 
Santa Cruz 

(Cordero et al. 
2011) 

Maximum 
temperature 

oC /year Decreasing 1970-2006 
COOP 

networks 
Santa Cruz 

(Cordero et al. 
2011) 

Precipitation 
total 

mm/year No change 
1950-2010, 
1896-2014, 
1949-2015 

Central 
coast 

(Kadir et al. 2013, 
Diffenbaugh et al. 
2015, Swain et al. 

2016) 

Frost days # days/year Decreasing 1950-2000 
Santa Cruz 

County 
(Mastrandrea et al. 

2011) 

Heat waves 
(day) 

Duration 
(days/year) 

No change 1950-2000 
Santa Cruz 

County 
(Mastrandrea et al. 

2011) 

Degree days Increasing 1950-2010 North coast (Kadir et al. 2013) 

Heat waves 
(night) 

oC of warmest 3 
nights (oC/year) 

Increasing 1950-2000 
Santa Cruz 

County 
(Mastrandrea et al. 

2011) 

Degree nights Increasing 1950-2010 North coast (Kadir et al. 2013) 

Drought 

# Consecutive 
dry days 

No change 1950-2000 
Santa Cruz 

County 
(Mastrandrea et al. 

2011) 
mm/day/ 
decade 

Decreasing 1950-2000 
Santa Cruz 

County 
(Mastrandrea et al. 

2011) 
Palmer 

Modified 
Drought Index 

6 years below average 
(=drought years) in 1995-
2014 vs. 14 in 1896-1994 

California 
(Diffenbaugh et 

al. 2015) 

Flood risk 
Frequency of 

floods 
No change 1970-2003 

Areas w/ 
winters 

>5 oC, no 
snow 

(Hamlet and 
Lettenmaier 2007) 
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Figure 1a,b: Minimum and maximum temperatures versus topographic features. Each 
point is a site and represents the minimum/maximum temperature value, averaged 
across years, for each season. Red is summer, blue is winter. 1a is minimum 
temperature, 1b is maximum temperature. 
 
Figure 1a: Minimum temperature versus topography. 
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Figure 1b: Maximum temperature versus topography. 
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Figure 2a and b: Seasonal precipitation totals versus topographic features.  Each point 
is a site and represents the total of precipitation, averaged across years, for each 
season. 2a is winter, 2b is summer. 
 
2a) Winter precipitation totals 

 
 
 
 
2b) Summer precipitation totals 

 
  



176 
 

Table 2: Comparison of differences between near ground and PRISM temperatures 
across sites for each season. Results of one-way ANOVA with difference between 
PRISM and near ground temperatures (maximum and minimum temperature 
separately) as the response variable, and site as the predictor, for each season 
separately. F value and P value test the null hypothesis that there are no differences 
between the means of any sites. Degrees of freedom for all models are 9. 
Variable/Season Sum Sq F value P value 
Winter Minimum Temperature 5533.3 73.39 <0.0001 
Summer Minimum Temperature 3045.6 91.42 <0.0001 
Winter Maximum Temperature 2444.1 28.73 <0.0001 
Summer Maximum Temperature 3282.6 30.03 <0.0001 
 
Table 3: Test for spatial autocorrelation of differences between near ground and 
PRISM temperatures. Results of Moran’s I tests for differences between near ground 
and PRISM temperatures for minimum and maximum temperature, and winter and 
summer, separately. P value tests the null hypothesis that sites are not spatially 
autocorrelated. All expected values of Moran’s I are -0.111. These analyses were 
performed in R using the ape package (Paradis et al. 2004). 
Variable/Season Observed SD P value 
Winter Minimum Temperature -0.017 0.114 0.406 
Summer Minimum Temperature -0.065 0.105 0.662 
Winter Maximum Temperature -0.041 0.104 0.504 
Summer Maximum Temperature -0.213 0.115 0.383 
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Figure 3 (a and b): Differences between near ground and PRISM temperatures versus 
topographic features for each season. Y axis is near ground temperature minus 
PRISM temperature. Summary statistics are in Supplementary Material Table 1. 3a is 
minimum temperatures, 3b is maximum temperatures 
 
3a) Minimum temperatures differences vs. topographic features 

 
 
3b) Maximum temperature differences v. topographic features 
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Table 4: Spatial variation in the difference between PRISM and near-ground temperatures. Results of regressions of 
topographic predictors versus differences between PRISM and near-ground temperatures. T value and P values test the null 
hypothesis that the slope is equal to zero. DF for all predictors is 1.  

Variable/season DF Predictor Intercept ± SE  Slope ± SE T value P value 
R 
squared 

Minimum 
temperature 

winter 
1864 

Aspect -0.23 ± 0.23 3.536 ± 0.275 12.84 <0.0001 0.081 
Habitat Type 2.36 ± 0.10 0.419 ± 0.157 2.67 0.0076 0.003 
Distance from Coast (km) 3.76 ± 0.23 -0.127 ± 0.023 -5.57 <0.0001 0.016 
Elevation (m) 0.56 ± 0.16 0.009 ± 0.001 13.69 <0.0001 0.091 

Minimum 
temperature 

summer 
1278 

Aspect -0.73 ± 0.22 2.840 ± 0.258 11.01 <0.0001 0.086 
Habitat Type 1.45 ± 0.09 0.369 ± 0.138 2.89 0.0073 0.005 
Distance from Coast (km) 2.35 ± 0.22 -0.075 ± 0.022 -3.47 0.0005 0.008 
Elevation (m) -0.99 ± 0.14 0.011 ± 0.001 21.39 <0.0001 0.263 

Maximum 
temperature 

winter 
1499 

Aspect -0.30 ± 0.28 3.699 ± 0.319 11.58 <0.0001 0.082 
Habitat Type 2.44 ± 0.12 0.709 ± 0.181 3.93 0.0001 0.010 
Distance from Coast (km) 3.70 ± 0.26 -0.104 ± 0.028 -3.90 0.0001 0.009 
Elevation (m) 0.44 ± 0.19 0.010 ± 0.001 13.46 <0.0001 0.107 

Maximum 
temperature 

summer 
968 

Aspect -0.53 ± 0.31 2.853 ± 0.335 8.53 <0.0001 0.069 
Habitat Type 1.79 ± 0.11 0.430 ± 0.164 2.63 0.0090 0.006 
Distance from Coast (km) 2.45 ± 0.26 -0.049 ± 0.027 -1.85 0.0640 0.003 
Elevation (m) -1.10 ± 0.17 0.012 ± 0.001 19.23 <0.0001 0.276 

178 
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Figure 4: Differences in winter minimum temperature change over time among the 
sites. The middle line of the boxes are the slopes from the models of winter minimum 
temperature versus year, upper and lower bounds of boxes are standard errors of the 
slopes, lines are the 95% confidence intervals of the slopes (Table 4 in main text). 
Grey boxes are grasslands, white are sandhills. Note that the high variance in 
minimum temperature at the sites causes the confidence intervals of their slopes to 
overlap (no significant differences among sites), even though some sites are 
significantly different than zero and others are not.  
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Chapter 2: Supplementary Material 

 
Table 1: Comparison of phenology between historical and resurveys. Results of 
Mann-Whitney-Wilcoxan tests for FFD/LFD/DUR for each species and each 
location, U and p value test the hypothesis that FFD/LFD/DUR do not differ between 
historical and resurveys. Under location: CG=coastal grassland, IG=inland grassland, 
SH=sandhills. S.S. = sample size (number of observations in each category), 90s = 
historical surveys, Re = resurveys. Changes over time were significant if p value was 
below 0.01. Dif indicates difference in index between historical and resurveys (90s 
S.S. – Re S.S.). 
Y= Species Location 90s 

S.S. 
Re 
S.S. 

U= P value Dif 

DUR Achillea millefolium IG 5 14 39 0.2120 0.22 

FFD Achillea millefolium IG 5 14 16.5 0.1256 -0.16 

LFD Achillea millefolium IG 5 14 35 0.6461 0.07 

DUR Achillea millefolium SH 9 19 73 0.7652 0.01 

FFD Achillea millefolium SH 9 19 72.5 1.0000 0.01 

LFD Achillea millefolium SH 9 19 86 0.8168 0.00 

DUR Acmispon americanus IG 4 14 44.5 0.0152 0.32 

FFD Acmispon americanus IG 4 14 11 0.1287 -0.16 

LFD Acmispon americanus IG 4 14 45 0.0794 0.24 

DUR Acmispon glaber SH 11 19 56 0.2150 -0.11 

FFD Acmispon glaber SH 11 19 54.5 0.1873 -0.11 

LFD Acmispon glaber SH 11 19 75.5 0.2199 -0.10 

DUR Acmispon strigosus SH 9 15 45.5 0.8773 0.01 

FFD Acmispon strigosus SH 9 15 49.5 0.4119 -0.12 

LFD Acmispon strigosus SH 9 15 46.5 0.7172 -0.05 

DUR Adenostoma fasciculatum SH 9 18 87 0.5898 0.06 

FFD Adenostoma fasciculatum SH 9 18 76 1.0000 -0.01 

LFD Adenostoma fasciculatum SH 9 18 87.5 0.7575 0.05 

DUR Aesculus californica IG 4 6 10 0.8969 -0.04 

FFD Aesculus californica IG 4 6 5.5 0.1981 -0.28 

LFD Aesculus californica IG 4 6 2.5 0.1182 -0.35 

DUR Arbutus menziesii IG 5 5 12 0.7302 0.12 

FFD Arbutus menziesii IG 5 5 7 0.5556 -0.20 

LFD Arbutus menziesii IG 5 5 11.5 0.9163 -0.03 

DUR Arbutus menziesii SH 8 8 26.5 0.7951 0.13 

FFD Arbutus menziesii SH 8 8 27.5 1.0000 -0.03 

LFD Arbutus menziesii SH 8 8 35.5 0.4175 0.11 

DUR Arctostaphylos crustacea SH 7 16 42 0.8258 0.06 

FFD Arctostaphylos crustacea SH 7 16 25.5 0.1814 -0.15 
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LFD Arctostaphylos crustacea SH 7 16 38.5 0.3392 -0.10 

DUR Arctostaphylos sensitiva SH 6 19 48 1.0000 -0.10 

FFD Arctostaphylos sensitiva SH 6 19 8 0.0024 -0.42 

LFD Arctostaphylos sensitiva SH 6 19 4 0.0010 -0.51 

DUR Arctostaphylos silvicola SH 22 35 418 0.1669 0.08 

FFD Arctostaphylos silvicola SH 22 35 185 0.0011 -0.16 

LFD Arctostaphylos silvicola SH 22 35 212 0.0202 -0.12 

DUR Armeria maritima SH 4 4 9 0.8857 0.05 

FFD Armeria maritima SH 4 4 8.5 1.0000 -0.11 

LFD Armeria maritima SH 4 4 7.5 1.0000 -0.08 

DUR Avena barbfat IG 4 6 13 0.3810 0.07 

FFD Avena barbfat IG 4 6 6 0.2571 -0.09 

LFD Avena barbfat IG 4 6 11.5 0.6041 0.04 

DUR Baccharis pilularis CG 6 9 27 0.0345 0.30 

FFD Baccharis pilularis CG 6 9 13 0.1071 -0.18 

LFD Baccharis pilularis CG 6 9 27 0.0345 0.26 

DUR Baccharis pilularis IG 8 22 105 0.0039 0.32 

FFD Baccharis pilularis IG 8 22 28 0.0050 -0.20 

LFD Baccharis pilularis IG 8 22 115 0.0004 0.27 

DUR Briza minor IG 4 6 8 0.4542 -0.17 

FFD Briza minor IG 4 6 9 0.6095 -0.07 

LFD Briza minor IG 4 6 6.5 0.2850 -0.21 

DUR Bromus diandrus IG 4 6 8 0.9048 -0.16 

FFD Bromus diandrus IG 4 6 11 0.9143 0.01 

LFD Bromus diandrus IG 4 6 8 0.9048 -0.09 

DUR Calandrinia ciliata IG 5 13 25 0.7972 0.00 

FFD Calandrinia ciliata IG 5 13 35 0.6346 0.06 

LFD Calandrinia ciliata IG 5 13 31 0.5002 0.07 

DUR Calochortus luteus IG 5 9 19 0.1632 0.31 

FFD Calochortus luteus IG 5 9 12 0.1815 -0.11 

LFD Calochortus luteus IG 5 9 12.5 1.0000 0.02 

DUR Calyptridium 
monospermum 

SH 4 4 10 0.6857 0.20 

FFD Calyptridium 
monospermum 

SH 4 4 1.5 0.0814 -0.50 

LFD Calyptridium 
monospermum 

SH 4 4 7 0.8857 -0.01 

DUR Camissonia strigulosa SH 5 15 20 1.0000 -0.11 

FFD Camissonia strigulosa SH 5 15 13.5 0.1705 -0.30 

LFD Camissonia strigulosa SH 5 15 15 0.1262 -0.22 
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DUR Camissoniopsis micrantha SH 5 6 3 0.1111 -0.49 

FFD Camissoniopsis micrantha SH 5 6 26.5 0.0441 0.31 

LFD Camissoniopsis micrantha SH 5 6 6 0.3893 -0.29 

DUR Carduus pycnocephalus IG 5 10 44 0.0050 0.49 

FFD Carduus pycnocephalus IG 5 10 6 0.0314 -0.36 

LFD Carduus pycnocephalus IG 5 10 41.5 0.0492 0.20 

DUR Castilleja de IG 5 13 36 0.5743 0.07 

FFD Castilleja de IG 5 13 16 0.1540 -0.12 

LFD Castilleja de IG 5 13 32 1.0000 -0.01 

DUR Castilleja de SH 9 10 22.5 0.1217 -0.16 

FFD Castilleja de SH 9 10 19 0.0631 -0.13 

LFD Castilleja de SH 9 10 22 0.0660 -0.23 

DUR Castilleja foliolosa SH 6 12 32 0.2256 0.21 

FFD Castilleja foliolosa SH 6 12 20.5 0.4612 -0.04 

LFD Castilleja foliolosa SH 6 12 39 0.3827 0.19 

DUR Ceanothus cuneatus SH 8 7 38.5 0.2450 0.09 

FFD Ceanothus cuneatus SH 8 7 18 0.2703 -0.20 

LFD Ceanothus cuneatus SH 8 7 26 0.8619 -0.03 

DUR Cerastium glomeratum IG 4 7 6.5 0.6025 -0.08 

FFD Cerastium glomeratum IG 4 7 13 0.9239 -0.07 

LFD Cerastium glomeratum IG 4 7 9 1.0000 -0.02 

DUR Chorizanthe pungens var 
hartwegiana 

SH 10 14 67.5 0.6443 0.05 

FFD Chorizanthe pungens var 
hartwegiana 

SH 10 14 32 0.0695 -0.23 

LFD Chorizanthe pungens var 
hartwegiana 

SH 10 14 62 0.6603 -0.05 

DUR Chorizanthe robusta var 
hartwegii 

IG 4 9 13 0.9273 -0.03 

FFD Chorizanthe robusta var 
hartwegii 

IG 4 9 14 0.7946 -0.17 

LFD Chorizanthe robusta var 
hartwegii 

IG 4 9 13 0.6828 -0.14 

DUR Cirsium vulgare IG 5 11 23.5 0.4398 0.15 

FFD Cirsium vulgare IG 5 11 21 0.6673 -0.04 

LFD Cirsium vulgare IG 5 11 23 0.7333 0.07 

DUR Clarkia purpurea IG 5 15 13.5 0.3956 -0.11 

FFD Clarkia purpurea IG 5 15 10.5 0.0451 -0.19 

LFD Clarkia purpurea IG 5 15 21.5 0.6502 -0.06 

DUR Clarkia purpurea SH 7 15 51.5 0.1125 0.06 

FFD Clarkia purpurea SH 7 15 13 0.0111 -0.22 
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LFD Clarkia purpurea SH 7 15 44 0.8990 0.02 

DUR Clarkia rubicunda IG 5 15 17.5 0.1154 -0.21 

FFD Clarkia rubicunda IG 5 15 35.5 1.0000 0.02 

LFD Clarkia rubicunda IG 5 15 22.5 0.2053 -0.16 

DUR Clarkia unguiculata IG 4 4 0 0.6667 -0.25 

FFD Clarkia unguiculata IG 4 4 0 0.1333 -0.35 

LFD Clarkia unguiculata IG 4 4 2 0.7671 -0.20 

DUR Clarkia unguiculata SH 7 7 7 0.0535 -0.27 

FFD Clarkia unguiculata SH 7 7 25 1.0000 -0.08 

LFD Clarkia unguiculata SH 7 7 6 0.0350 -0.26 

DUR Collinsia bartsiifolia SH 5 9 17 1.0000 -0.07 

FFD Collinsia bartsiifolia SH 5 9 10.5 0.1859 -0.22 

LFD Collinsia bartsiifolia SH 5 9 8.5 0.1059 -0.24 

DUR Corethrogyne filaginifolia IG 7 13 39 0.8201 0.02 

FFD Corethrogyne filaginifolia IG 7 13 30.5 0.6391 0.09 

LFD Corethrogyne filaginifolia IG 7 13 54 0.5258 0.11 

DUR Corethrogyne filaginifolia SH 10 17 75 0.6763 -0.01 

FFD Corethrogyne filaginifolia SH 10 17 86 0.4523 0.06 

LFD Corethrogyne filaginifolia SH 10 17 87.5 0.7121 0.04 

DUR Croton setiger IG 5 10 35 0.2442 0.17 

FFD Croton setiger IG 5 10 14.5 0.2198 -0.10 

LFD Croton setiger IG 5 10 31 0.4998 0.13 

DUR Cryptantha hispidula SH 6 15 34 0.9630 0.00 

FFD Cryptantha hispidula SH 6 15 53.5 0.3630 0.09 

LFD Cryptantha hispidula SH 6 15 41.5 0.7597 0.04 

DUR Deinandra corymbosa IG 5 15 35 0.0360 0.32 

FFD Deinandra corymbosa IG 5 15 12 0.0649 -0.20 

LFD Deinandra corymbosa IG 5 15 35 0.3343 0.16 

DUR Dichelostemma capitatum IG 4 13 16 1.0000 -0.03 

FFD Dichelostemma capitatum IG 4 13 30 0.5032 0.11 

LFD Dichelostemma capitatum IG 4 13 15.5 0.7560 0.01 

DUR Dichelostemma capitatum SH 7 17 64 0.4368 0.09 

FFD Dichelostemma capitatum SH 7 17 32.5 0.1675 -0.17 

LFD Dichelostemma capitatum SH 7 17 49.5 0.5454 -0.08 

DUR Dodecatheon clevelandii IG 4 8 5 0.5714 -0.18 

FFD Dodecatheon clevelandii IG 4 8 5.5 0.4288 -0.07 

LFD Dodecatheon clevelandii IG 4 8 9 0.3940 -0.15 

DUR Dudleya spec SH 5 4 0.5 0.0745 -0.50 

FFD Dudleya spec SH 5 4 10 0.2286 0.26 

LFD Dudleya spec SH 5 4 4 0.1905 -0.22 
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DUR Epilobium brachycarpum IG 4 4 0.5 0.4682 -0.34 

FFD Epilobium brachycarpum IG 4 4 6 0.5333 0.31 

LFD Epilobium brachycarpum IG 4 4 4 0.6286 -0.25 

DUR Epilobium canum IG 4 10 9 0.6090 -0.11 

FFD Epilobium canum IG 4 10 19 0.9384 0.00 

LFD Epilobium canum IG 4 10 12 0.8531 -0.07 

DUR Ericameria ericoides SH 17 26 214.5 0.8814 -0.02 

FFD Ericameria ericoides SH 17 26 178.5 0.2960 -0.07 

LFD Ericameria ericoides SH 17 26 148 0.0710 -0.12 

DUR Erigeron canadensis SH 5 4 6 0.7857 -0.03 

FFD Erigeron canadensis SH 5 4 14 0.4127 0.21 

LFD Erigeron canadensis SH 5 4 10 0.5714 0.09 

DUR Eriodictyon californicum SH 11 15 59 0.4933 0.09 

FFD Eriodictyon californicum SH 11 15 44.5 0.3068 -0.14 

LFD Eriodictyon californicum SH 11 15 54 0.3245 -0.08 

DUR Eriogonum nudum IG 4 8 10 0.7469 -0.05 

FFD Eriogonum nudum IG 4 8 1 0.0239 -0.24 

LFD Eriogonum nudum IG 4 8 0 0.0080 -0.20 

DUR Eriogonum nudum SH 13 34 80 0.0008 -0.18 

FFD Eriogonum nudum SH 13 34 364 0.0007 0.16 

LFD Eriogonum nudum SH 13 34 146.5 0.0780 -0.12 

DUR Eriophyllum 
confertiflorum 

SH 10 19 88.5 0.6730 0.06 

FFD Eriophyllum 
confertiflorum 

SH 10 19 43.5 0.0576 -0.20 

LFD Eriophyllum 
confertiflorum 

SH 10 19 81.5 0.5507 -0.01 

DUR Erodium botrys IG 4 14 28 0.1699 0.22 

FFD Erodium botrys IG 4 14 8.5 0.1935 -0.10 

LFD Erodium botrys IG 4 14 44.5 0.0890 0.17 

DUR Erodium cicutarium IG 4 23 38 1.0000 0.03 

FFD Erodium cicutarium IG 4 23 28 0.3137 -0.05 

LFD Erodium cicutarium IG 4 23 40 0.9113 0.00 

DUR Erysimum teretifolium SH 9 14 41 0.5432 -0.06 

FFD Erysimum teretifolium SH 9 14 43.5 0.6755 -0.08 

LFD Erysimum teretifolium SH 9 14 50.5 0.4495 -0.08 

DUR Eschscholzia californica CG 5 9 27 0.3543 0.18 

FFD Eschscholzia californica CG 5 9 14 0.4195 -0.09 

LFD Eschscholzia californica CG 5 9 30.5 0.3168 0.21 

DUR Eschscholzia californica IG 4 15 36 0.2818 0.18 
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FFD Eschscholzia californica IG 4 15 12.5 0.1396 -0.22 

LFD Eschscholzia californica IG 4 15 38 0.4529 0.14 

DUR Eschscholzia californica SH 8 19 29.5 0.0372 -0.08 

FFD Eschscholzia californica SH 8 19 75.5 0.4997 0.05 

LFD Eschscholzia californica SH 8 19 53.5 0.2424 -0.05 

DUR Gilia tenuiflora SH 8 13 16 0.0311 -0.30 

FFD Gilia tenuiflora SH 8 13 55.5 0.2717 0.15 

LFD Gilia tenuiflora SH 8 13 39 0.3650 -0.12 

DUR Helianthemum scoparium SH 8 18 45 0.8325 0.01 

FFD Helianthemum scoparium SH 8 18 23 0.0796 -0.23 

LFD Helianthemum scoparium SH 8 18 54 0.4398 -0.10 

DUR Hesperomecon linearis SH 6 4 10 1.0000 0.01 

FFD Hesperomecon linearis SH 6 4 7 0.3359 -0.17 

LFD Hesperomecon linearis SH 6 4 6.5 0.4606 -0.20 

DUR Heterotheca grandiflora SH 11 22 135 0.3112 0.13 

FFD Heterotheca grandiflora SH 11 22 100 0.4327 -0.09 

LFD Heterotheca grandiflora SH 11 22 123 0.6049 0.09 

DUR Heterotheca sessiliflora ssp 
echioides 

IG 6 16 54 0.6845 0.04 

FFD Heterotheca sessiliflora ssp 
echioides 

IG 6 16 48 1.0000 -0.04 

LFD Heterotheca sessiliflora ssp 
echioides 

IG 6 16 57 0.5296 0.02 

DUR Heterotheca sessiliflora ssp 
echioides 

SH 13 30 159 0.8017 0.01 

FFD Heterotheca sessiliflora ssp 
echioides 

SH 13 30 200 0.9051 -0.05 

LFD Heterotheca sessiliflora ssp 
echioides 

SH 13 30 160 0.8247 0.01 

DUR Horkelia cuneata SH 8 18 62 0.5256 0.08 

FFD Horkelia cuneata SH 8 18 72 0.6446 0.03 

LFD Horkelia cuneata SH 8 18 76.5 0.2943 0.14 

DUR Lasthenia gracilis IG 6 12 21.5 0.5326 -0.09 

FFD Lasthenia gracilis IG 6 12 19.5 0.1903 -0.08 

LFD Lasthenia gracilis IG 6 12 23 0.4927 -0.11 

DUR Lasthenia gracilis SH 5 9 18 0.8329 -0.09 

FFD Lasthenia gracilis SH 5 9 18.5 0.8833 -0.04 

LFD Lasthenia gracilis SH 5 9 13 0.2398 -0.12 

DUR Lepidium nitidum IG 10 21 66 0.7219 0.02 

FFD Lepidium nitidum IG 10 21 52 0.2764 -0.16 

LFD Lepidium nitidum IG 10 21 68 0.3002 -0.09 
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DUR Leptosiphon parviflorus SH 8 9 41.5 0.3442 0.16 

FFD Leptosiphon parviflorus SH 8 9 23 0.3710 -0.02 

LFD Leptosiphon parviflorus SH 8 9 48 0.2766 0.17 

DUR Lupinus albifrons SH 10 19 67 0.5091 -0.01 

FFD Lupinus albifrons SH 10 19 54 0.1778 -0.15 

LFD Lupinus albifrons SH 10 19 74 0.3467 -0.04 

DUR Lupinus bicolor SH 7 13 14.5 0.0507 -0.23 

FFD Lupinus bicolor SH 7 13 33.5 0.6830 0.01 

LFD Lupinus bicolor SH 7 13 20 0.0691 -0.16 

DUR Lupinus nanus CG 4 8 16.5 1.0000 0.01 

FFD Lupinus nanus CG 4 8 16 1.0000 -0.12 

LFD Lupinus nanus CG 4 8 9.5 0.3073 -0.09 

DUR Lupinus nanus IG 6 14 32.5 0.8329 0.14 

FFD Lupinus nanus IG 6 14 20 0.1460 -0.16 

LFD Lupinus nanus IG 6 14 34 0.9631 0.04 

DUR Madia elegans IG 9 27 115 0.4199 0.01 

FFD Madia elegans IG 9 27 54 0.0691 -0.05 

LFD Madia elegans IG 9 27 91 0.2717 -0.04 

DUR Micranthes californica IG 4 4 8 0.5926 0.26 

FFD Micranthes californica IG 4 4 6 0.6631 -0.04 

LFD Micranthes californica IG 4 4 6.5 1.0000 0.20 

DUR Mimulus aurantiacus SH 9 19 69 0.7827 -0.02 

FFD Mimulus aurantiacus SH 9 19 45 0.2558 -0.08 

LFD Mimulus aurantiacus SH 9 19 76.5 0.6758 -0.02 

DUR Mimulus rattanii SH 5 13 28 0.7580 0.06 

FFD Mimulus rattanii SH 5 13 17.5 0.3887 -0.09 

LFD Mimulus rattanii SH 5 13 33 1.0000 0.02 

DUR Minuartia californica IG 4 5 6 1.0000 0.04 

FFD Minuartia californica IG 4 5 7 0.8845 0.00 

LFD Minuartia californica IG 4 5 5.5 0.5614 -0.20 

DUR Minuartia californica SH 6 7 12 0.2227 -0.16 

FFD Minuartia californica SH 6 7 24 0.7202 -0.01 

LFD Minuartia californica SH 6 7 14 0.3511 -0.20 

DUR Minuartia douglasii IG 4 10 11.5 0.7048 -0.07 

FFD Minuartia douglasii IG 4 10 28.5 0.2547 0.17 

LFD Minuartia douglasii IG 4 10 14.5 1.0000 0.03 

DUR Minuartia douglasii SH 6 8 15 0.4314 0.01 

FFD Minuartia douglasii SH 6 8 0.5 0.0041 -0.36 

LFD Minuartia douglasii SH 6 8 9.5 0.0704 -0.24 

DUR Monardella undulata SH 8 14 41 0.6159 -0.04 
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FFD Monardella undulata SH 8 14 47 0.7443 -0.03 

LFD Monardella undulata SH 8 14 57 0.7443 -0.06 

DUR Navarretia atractyloides SH 8 16 42 0.7856 0.10 

FFD Navarretia atractyloides SH 8 16 47 0.7501 -0.06 

LFD Navarretia atractyloides SH 8 16 51 0.9131 0.03 

DUR Nuttallanthus texanus SH 8 13 29.5 0.4402 -0.07 

FFD Nuttallanthus texanus SH 8 13 41.5 0.4682 -0.07 

LFD Nuttallanthus texanus SH 8 13 30 0.4669 -0.21 

DUR Plagiobothrys nothofulvus IG 5 7 14.5 0.6689 0.15 

FFD Plagiobothrys nothofulvus IG 5 7 15.5 1.0000 -0.04 

LFD Plagiobothrys nothofulvus IG 5 7 18 0.5273 0.24 

DUR Plagiobothrys tenellus SH 4 9 9.5 0.4487 -0.15 

FFD Plagiobothrys tenellus SH 4 9 18 0.7982 0.16 

LFD Plagiobothrys tenellus SH 4 9 14.5 0.8649 -0.02 

DUR Pseudognaphalium 
beneolens 

SH 9 11 40.5 0.7432 -0.07 

FFD Pseudognaphalium 
beneolens 

SH 9 11 36.5 0.5133 -0.08 

LFD Pseudognaphalium 
beneolens 

SH 9 11 30 0.1486 -0.13 

DUR Pseudognaphalium 
californicum 

SH 5 15 30 0.6908 0.07 

FFD Pseudognaphalium 
californicum 

SH 5 15 22.5 0.5943 -0.06 

LFD Pseudognaphalium 
californicum 

SH 5 15 30 0.6767 0.01 

DUR Quercus agrifolia SH 8 8 12 0.6304 -0.05 

FFD Quercus agrifolia SH 8 8 19.5 0.2066 -0.05 

LFD Quercus agrifolia SH 8 8 4 0.0519 -0.17 

DUR Ranunculus californicus CG 4 4 10 0.6857 0.08 

FFD Ranunculus californicus CG 4 4 5 0.4857 -0.11 

LFD Ranunculus californicus CG 4 4 8 1.0000 0.03 

DUR Ranunculus californicus IG 7 14 47 0.7032 0.01 

FFD Ranunculus californicus IG 7 14 47 0.7025 0.06 

LFD Ranunculus californicus IG 7 14 63 0.3132 0.07 

DUR Rumex acetosella IG 4 9 19 0.9376 -0.06 

FFD Rumex acetosella IG 4 9 25 0.3085 0.08 

LFD Rumex acetosella IG 4 9 16 0.8139 -0.02 

DUR Salvia mellifera SH 5 9 11 0.5368 -0.12 

FFD Salvia mellifera SH 5 9 14 0.9307 -0.02 

LFD Salvia mellifera SH 5 9 12.5 0.2048 -0.25 
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DUR Scutellaria tuberosa SH 4 6 3.5 0.4353 -0.37 

FFD Scutellaria tuberosa SH 4 6 8.5 0.5199 0.02 

LFD Scutellaria tuberosa SH 4 6 4 0.5926 -0.27 

DUR Silene gallica IG 4 14 35 0.0401 0.38 

FFD Silene gallica IG 4 14 13 0.2022 -0.17 

LFD Silene gallica IG 4 14 35 0.2026 0.16 

DUR Silene verecunda SH 5 11 24.5 0.0518 0.48 

FFD Silene verecunda SH 5 11 9.5 0.2158 -0.21 

LFD Silene verecunda SH 5 11 30.5 0.2958 0.13 

DUR Sisyrinchium bellum CG 4 9 5 0.0740 -0.20 

FFD Sisyrinchium bellum CG 4 9 26.5 0.0883 0.07 

LFD Sisyrinchium bellum CG 4 9 15 0.7105 -0.06 

DUR Sisyrinchium bellum IG 5 14 26 0.8552 -0.02 

FFD Sisyrinchium bellum IG 5 14 32 0.8740 0.03 

LFD Sisyrinchium bellum IG 5 14 32 0.7098 0.02 

DUR Solanum umbelliferum SH 4 6 10 0.2118 0.20 

FFD Solanum umbelliferum SH 4 6 8 0.7122 -0.22 

LFD Solanum umbelliferum SH 4 6 4 0.3094 -0.17 

DUR Spergula arvensis IG 5 22 6.5 0.2310 -0.15 

FFD Spergula arvensis IG 5 22 31 0.9633 -0.10 

LFD Spergula arvensis IG 5 22 40 0.6215 0.16 

DUR Stellaria media IG 4 5 8.5 0.2410 0.34 

FFD Stellaria media IG 4 5 3.5 0.2909 -0.21 

LFD Stellaria media IG 4 5 14 0.0714 0.32 

DUR Stipa pulchra IG 4 4 12 0.0477 0.20 

FFD Stipa pulchra IG 4 4 4 0.3094 -0.19 

LFD Stipa pulchra IG 4 4 7 0.8584 0.11 

DUR Symphyotrichum chilense CG 5 6 10 1.0000 -0.06 

FFD Symphyotrichum chilense CG 5 6 20 0.3993 0.27 

LFD Symphyotrichum chilense CG 5 6 10 1.0000 0.07 

DUR Taraxia ovata CG 4 14 36 0.4243 0.12 

FFD Taraxia ovata CG 4 14 35.5 0.4554 0.07 

LFD Taraxia ovata CG 4 14 45 0.0783 0.25 

DUR Taraxia ovata IG 8 15 55 0.0558 0.26 

FFD Taraxia ovata IG 8 15 20 0.0216 -0.21 

LFD Taraxia ovata IG 8 15 46 0.7626 0.00 

DUR Thysanocarpus curvipes IG 4 9 13 0.3810 0.23 

FFD Thysanocarpus curvipes IG 4 9 6 0.1554 -0.26 

LFD Thysanocarpus curvipes IG 4 9 3.5 0.1017 -0.28 

DUR Toxicodendron SH 8 5 11 0.2006 -0.24 
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diversilobum 
FFD Toxicodendron 

diversilobum 
SH 8 5 18 0.8253 -0.11 

LFD Toxicodendron 
diversilobum 

SH 8 5 7 0.0650 -0.33 

DUR Trichostema lanceolatum IG 13 27 160 0.9123 0.03 

FFD Trichostema lanceolatum IG 13 27 79.5 0.0167 -0.27 

LFD Trichostema lanceolatum IG 13 27 48 0.0002 -0.28 

DUR Wyethia helenioides IG 4 8 17.5 0.2850 0.24 

FFD Wyethia helenioides IG 4 8 20 0.5487 0.06 

LFD Wyethia helenioides IG 4 8 13 0.9148 0.13 

  
 
Table 2: Comparison of phenology between coast and inland. Results of Mann-
Whitney-Wilcoxan tests for FFD/LFD/DUR for each species and each survey period, 
U and p value test the hypothesis that FFD/LFD/DUR do not differ between coast and 
inland. S.S. = sample size (number of observations in each category), CG = CGs, IG 
= IGs. Differences were significant if p value was below 0.017.Figure 4: FFD 
distributions for coast versus IGs for all species. Density plots of FFD indices. Blue 
lines = IGs, red lines = CGs. 1A= 1989-1998, 1B=2011-2015 

Y= Species Survey 
CG 
S.S. 

Ig 
S.S. U= P value Dif 

DUR Acmispon americanus Re 5 14 31.5 0.3956 0.00 
FFD Acmispon americanus Re 5 14 40 0.0600 0.21 
LFD Acmispon americanus Re 5 14 54 0.0865 0.16 
DUR Anagallis arvensis Re 9 12 46.5 0.1409 0.21 
FFD Anagallis arvensis Re 9 12 34 0.8851 -0.02 
LFD Anagallis arvensis Re 9 12 68 0.1713 0.15 
DUR Avena barbfat Re 5 6 24 0.1255 0.30 
FFD Avena barbfat Re 5 6 3.5 0.0441 -0.25 
LFD Avena barbfat Re 5 6 19 0.5368 0.19 
DUR Baccharis pilularis Re 9 22 45 0.5386 0.03 
FFD Baccharis pilularis Re 9 22 50 0.0335 -0.12 
LFD Baccharis pilularis Re 9 22 25 0.2903 -0.05 
DUR Baccharis pilularis 90s 6 8 28.5 0.6036 0.05 
FFD Baccharis pilularis 90s 6 8 14 0.2185 -0.14 
LFD Baccharis pilularis 90s 6 8 20 0.6507 -0.04 
DUR Briza maxima Re 4 6 10 1.0000 0.06 
FFD Briza maxima Re 4 6 9 0.9021 -0.14 
LFD Briza maxima Re 4 6 10 0.7476 -0.19 
DUR Briza minor Re 6 6 14.5 0.6298 -0.05 
FFD Briza minor Re 6 6 16.5 0.8726 -0.11 
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LFD Briza minor Re 6 6 9.5 0.1994 -0.15 
DUR Brodiaea terrestris Re 4 14 30 0.0162 0.35 
FFD Brodiaea terrestris Re 4 14 4.5 0.0258 -0.32 
LFD Brodiaea terrestris Re 4 14 28 0.4719 0.07 
DUR Bromus diandrus Re 4 6 13 0.9143 0.04 
FFD Bromus diandrus Re 4 6 7 0.3524 -0.20 
LFD Bromus diandrus Re 4 6 11.5 1.0000 -0.09 
DUR Calandrinia ciliata Re 8 13 22 0.3510 -0.16 
FFD Calandrinia ciliata Re 8 13 47 0.7036 0.06 
LFD Calandrinia ciliata Re 8 13 31.5 0.4767 -0.14 
DUR Calochortus luteus Re 4 9 0 0.0269 -0.32 
FFD Calochortus luteus Re 4 9 26.5 0.2151 0.13 
LFD Calochortus luteus Re 4 9 10.5 0.7954 0.00 
DUR Carduus pycnocephalus Re 4 10 11 0.3152 -0.09 
FFD Carduus pycnocephalus Re 4 10 16.5 0.8764 0.08 
LFD Carduus pycnocephalus Re 4 10 12 0.2856 -0.04 
DUR Castilleja de 90s 5 5 10.5 1.0000 -0.06 
FFD Castilleja de 90s 5 5 15.5 0.2187 0.10 
LFD Castilleja de 90s 5 5 11 0.8413 0.00 
DUR Cerastium glomeratum Re 4 7 6 0.5169 -0.19 
FFD Cerastium glomeratum Re 4 7 12 0.7743 -0.21 
LFD Cerastium glomeratum Re 4 7 4 0.2433 -0.25 
DUR Cirsium vulgare Re 5 11 13 0.5035 -0.08 
FFD Cirsium vulgare Re 5 11 35 0.2421 0.18 
LFD Cirsium vulgare Re 5 11 26.5 0.3956 0.12 
DUR Claytonia perfoliata Re 4 4 2 0.4000 -0.28 
FFD Claytonia perfoliata Re 4 4 3 0.3725 -0.21 
LFD Claytonia perfoliata Re 4 4 3 0.4000 -0.20 
DUR Convolvulus arvensis Re 7 5 17 0.3524 0.29 
FFD Convolvulus arvensis Re 7 5 9 0.3142 -0.10 
LFD Convolvulus arvensis Re 7 5 24 0.0727 0.40 

DUR 
Corethrogyne 
filaginifolia 90s 4 7 6 0.5476 -0.26 

FFD 
Corethrogyne 
filaginifolia 90s 4 7 4 0.2619 0.00 

LFD 
Corethrogyne 
filaginifolia 90s 4 7 6 0.1636 -0.34 

DUR Deinandra corymbosa Re 4 15 6 0.0539 -0.18 
FFD Deinandra corymbosa Re 4 15 18 0.5038 -0.04 
LFD Deinandra corymbosa Re 4 15 8.5 0.0540 -0.14 

DUR 
Epilobium 
brachycarpum Re 5 4 4 0.4000 0.74 
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FFD 
Epilobium 
brachycarpum Re 5 4 0 0.1333 -0.68 

LFD 
Epilobium 
brachycarpum Re 5 4 15 0.0357 0.46 

DUR Erigeron canadensis Re 4 10 8.5 0.1638 -0.31 
FFD Erigeron canadensis Re 4 10 27.5 0.1643 0.29 
LFD Erigeron canadensis Re 4 10 10 0.1878 -0.16 
DUR Erodium botrys Re 8 14 61.5 0.1080 0.13 
FFD Erodium botrys Re 8 14 35 0.5818 -0.02 
LFD Erodium botrys Re 8 14 77.5 0.1515 0.04 
DUR Erodium cicutarium Re 16 23 99 0.8294 -0.01 
FFD Erodium cicutarium Re 16 23 122 0.8112 -0.05 
LFD Erodium cicutarium Re 16 23 127.5 0.2193 -0.08 
DUR Eschscholzia californica Re 9 15 76 0.0887 0.17 
FFD Eschscholzia californica Re 9 15 21 0.0268 -0.23 
LFD Eschscholzia californica Re 9 15 84 0.3398 0.10 
DUR Eschscholzia californica 90s 5 4 13 0.5556 0.17 
FFD Eschscholzia californica 90s 5 4 4 0.1905 -0.36 
LFD Eschscholzia californica 90s 5 4 10 1.0000 0.03 
DUR Festuca perennis Re 6 4 21 0.0667 0.39 
FFD Festuca perennis Re 6 4 11 0.9143 0.09 
LFD Festuca perennis Re 6 4 18 0.2395 0.33 
DUR Geranium dissectum Re 9 14 52.5 0.5087 0.12 
FFD Geranium dissectum Re 9 14 20.5 0.0369 -0.26 
LFD Geranium dissectum Re 9 14 39.5 0.2163 -0.12 
DUR Lasthenia gracilis Re 4 12 14 0.3271 -0.09 
FFD Lasthenia gracilis Re 4 12 27 0.5558 0.02 
LFD Lasthenia gracilis Re 4 12 14 0.2486 -0.08 
DUR Lepidium nitidum Re 8 21 40 0.2069 -0.14 
FFD Lepidium nitidum Re 8 21 64 0.6759 -0.11 
LFD Lepidium nitidum Re 8 21 24 0.0079 -0.26 
DUR Linum bienne Re 4 7 7 0.5556 -0.16 
FFD Linum bienne Re 4 7 12 0.7302 0.11 
LFD Linum bienne Re 4 7 9 0.4121 -0.09 
DUR Lupinus nanus Re 8 14 27 0.1136 -0.14 
FFD Lupinus nanus Re 8 14 69.5 0.1045 0.11 
LFD Lupinus nanus Re 8 14 42 0.3567 -0.07 
DUR Lupinus nanus 90s 4 6 9.5 1.0000 -0.01 
FFD Lupinus nanus 90s 4 6 18 0.2571 0.07 
LFD Lupinus nanus 90s 4 6 8 0.7302 0.06 
DUR Madia gs Re 5 5 13 0.5556 0.22 
FFD Madia gs Re 5 5 10 1.0000 -0.03 
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LFD Madia gs Re 5 5 18 0.3095 0.14 
DUR Mentha pulegium Re 6 5 2 0.0317 -0.42 
FFD Mentha pulegium Re 6 5 18 0.3095 0.18 
LFD Mentha pulegium Re 6 5 9 0.3290 -0.26 

DUR 
Plagiobothrys 
chorisianus Re 4 7 0 0.0159 -0.50 

FFD 
Plagiobothrys 
chorisianus Re 4 7 12 1.0000 -0.06 

LFD 
Plagiobothrys 
chorisianus Re 4 7 1 0.0190 -0.44 

DUR Plantago erecta Re 4 4 0 0.1386 -0.52 
FFD Plantago erecta Re 4 4 10 0.6857 0.04 
LFD Plantago erecta Re 4 4 0 0.2000 -0.42 
DUR Ranunculus californicus Re 4 14 8 0.0598 -0.20 
FFD Ranunculus californicus Re 4 14 34.5 0.2239 0.22 
LFD Ranunculus californicus Re 4 14 19 0.3662 -0.14 
DUR Ranunculus californicus 90s 4 7 7.5 0.2558 -0.27 
FFD Ranunculus californicus 90s 4 7 24.5 0.0576 0.39 
LFD Ranunculus californicus 90s 4 7 13 0.9245 -0.10 
DUR Rumex acetosella Re 10 9 88 0.0005 0.41 
FFD Rumex acetosella Re 10 9 4 0.0009 -0.34 
LFD Rumex acetosella Re 10 9 77 0.0094 0.39 
DUR Sidalcea malviflora Re 4 10 20.5 0.2547 0.29 
FFD Sidalcea malviflora Re 4 10 5 0.0735 -0.17 
LFD Sidalcea malviflora Re 4 10 25 0.3145 0.04 
DUR Silene gallica Re 7 14 18 0.2116 -0.19 
FFD Silene gallica Re 7 14 49.5 0.5531 0.09 
LFD Silene gallica Re 7 14 19.5 0.1332 -0.14 
DUR Sisyrinchium bellum Re 9 14 33.5 0.2792 -0.11 
FFD Sisyrinchium bellum Re 9 14 59 0.4158 0.03 
LFD Sisyrinchium bellum Re 9 14 44.5 0.2561 -0.08 
DUR Sisyrinchium bellum 90s 4 5 12 0.3094 0.07 
FFD Sisyrinchium bellum 90s 4 5 8 0.7302 -0.01 
LFD Sisyrinchium bellum 90s 4 5 8 1.0000 0.00 
DUR Spergula arvensis Re 19 22 135 0.0295 0.32 
FFD Spergula arvensis Re 19 22 52 0.0042 -0.25 
LFD Spergula arvensis Re 19 22 146 0.8297 -0.01 
DUR Stellaria media Re 4 5 3 0.5714 -0.20 
FFD Stellaria media Re 4 5 2 0.3286 -0.22 
LFD Stellaria media Re 4 5 1.5 0.0491 -0.44 
DUR Stipa pulchra Re 4 4 16 0.0284 0.45 
FFD Stipa pulchra Re 4 4 4 0.3094 -0.24 
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LFD Stipa pulchra Re 4 4 10 0.6592 0.11 

DUR 
Symphyotrichum 
chilense Re 6 5 4 0.8422 -0.16 

FFD 
Symphyotrichum 
chilense Re 6 5 17 0.7782 0.12 

LFD 
Symphyotrichum 
chilense Re 6 5 4 0.8422 0.08 

DUR Taraxia ovata Re 14 15 70 1.0000 0.01 
FFD Taraxia ovata Re 14 15 110 0.3679 0.08 
LFD Taraxia ovata Re 14 15 104 0.3072 0.09 
DUR Taraxia ovata 90s 4 8 18 0.5074 0.15 
FFD Taraxia ovata 90s 4 8 4 0.0500 -0.20 
LFD Taraxia ovata 90s 4 8 12 0.7763 -0.16 
DUR Trifolium dubium Re 9 14 40 0.7721 -0.05 
FFD Trifolium dubium Re 9 14 24.5 0.1164 -0.2 
LFD Trifolium dubium Re 9 14 39 0.1384 -0.11 
DUR Trifolium subterraneum Re 12 19 72 0.9298 -0.08 
FFD Trifolium subterraneum Re 12 19 70 1.0000 0.05 
LFD Trifolium subterraneum Re 12 19 77.5 0.1434 -0.17 
DUR Triteleia ixioides Re 4 4 2 0.1991 -0.38 
FFD Triteleia ixioides Re 4 4 9.5 0.7715 0.04 
LFD Triteleia ixioides Re 4 4 2 0.2286 -0.21 
DUR Vicia sativa Re 8 12 21.5 0.2929 -0.17 
FFD Vicia sativa Re 8 12 26 0.1479 -0.19 
LFD Vicia sativa Re 8 12 9 0.0107 -0.13 
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Figure 6b (continued)Figure 7a-c: a) Typical, idealized relationship of phenology 
described from 1 month observation intervals and estimated mean intensity (Poisson 
GAM) pooled over time for a single common species and site.  Blue line is estimated 
flowering intensity (integer) and red is observed. Point A indicates FFD (earliest non-
zero), Point B is peak flowering time and variation (highest value over time), and 
Point C is LFD (final non-zero). b) Difference between estimated and observed 
extreme values for FFD (Point A on Figure 7a) relative to sampling interval, which 
was one month. c) Difference between estimated and observed extreme values for 
FFD (Point A on Figure 7a) within the sampling interval (one month).   
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Chapter 3: Supplementary material 

 
Figure S1: Application of precipitation treatments: plants nestled within foam blocks 
placed within plastic containers.  

 
 
Figure S2: Arrangement of plants within plastic containers. We randomly rotated the 
position of plants within each foam block every sampling day and randomly rotated 
the position of each foam block every other sampling day. Therefore, the position of 
the plants within the foam blocks, and the arrangement of the foam blocks differed 
between containers. LG = L. gracilis, SA = S. arvensis, MD= M. douglasii. M# = 
maternal line number, CH, GW, LC, MS, SH, WA = site codes. 
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Figure S3: Species/site/maternal line combinations. L. gracilis and S. arvensis 
grassland sites in bold are inland. 

 
 
 
 
 
 
Table S1(a-i): Effects of minimum temperature (Tmin), maximum temperature 
(Tmax), and precipitation (Ppt), and their interactions on FFD, LFD and DUR for 
each species. Results of ANOVAs for environmental effects on flowering phenology.  
S1a) L. gracilis FFD; residuals = 463 

Effect 
Sum 
Sq 

F value P value 

Tmax 2127 30.314 <0.0001 
Tmin 82 1.166 0.2180 
Ppt 63 0.894 0.3450 
Tmax*Ppt 10 0.148 0.7000 
Tmin*Ppt 2 0.033 0.8550 
Residual 32492   

 
S1b) L. gracilis LFD; residuals = 461 

Effect 
Sum 
Sq 

F value P value 
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Tmax 7143 218.779 <0.0001 
Tmin 255 7.807 0.0050 
Ppt 44295 1356.790 <0.0001 
Tmax*Ppt 342 10.486 0.0010 
Tmin*Ppt 126 3.875 0.0500 
Residuals 12515   

 
S1c) L. gracilis DUR; residuals = 461 

Effect 
Sum 
Sq 

F value P value 

Tmax 1453 15.366 0.0001 
Tmin 49 0.520 0.4710 
Ppt 40911 432.721 <0.0001 
Tmax*Ppt 242 2.559 0.1100 
Tmin*Ppt 97 1.021 0.3130 
Residuals 42112   

 
S1d) S. arvensis FFD; residuals = 625 

Effect 
Sum 
Sq 

F value P value 

Tmax 1630 9.612 0.0020 
Tmin 557 3.288 0.0700 
Ppt 11 0.064 0.8010 
Tmax*Ppt 527 3.109 0.0780 
Tmin*Ppt 2 0.011 0.9160 
Residuals 105982   

 
S1e) S. arvensis LFD; residuals = 619 

Effect 
Sum 
Sq 

F value P value 

Tmax 8675 141.852 <0.0001 
Tmin 135 2.206 0.1380 
Ppt 45460 743.374 <0.0001 
Tmax*Ppt 301 4.918 0.0270 
Tmin*Ppt 0 0.004 0.9470 
Residuals 30678   

 
S1f) S. arvensis DUR; residuals = 619 

Effect 
Sum 
Sq 

F value P value 

Tmax 2837 18.370 <0.0001 
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Tmin 156 1.009 0.3160 
Ppt 46137 298.757 <0.0001 
Tmax*Ppt 1529 10.310 0.0010 
Tmin*Ppt 0 0.000 0.9840 
Residuals 91218   

 
S1g) M. douglasii FFD; residuals = 98 

Effect 
Sum 
Sq 

F value P value 

Tmax 1968 40.841 <0.0001 
Tmin 659 13.674 0.0004 
Ppt 0 0.000 0.9900 
Tmax*Ppt 75 1.553 0.2160 
Tmin*Ppt 158 3.276 0.0730 
Residuals 4721   

 
S1h) M. douglasii LFD; residuals = 93 

Effect 
Sum 
Sq 

F value P value 

Tmax 3924 32.482 <0.0001 
Tmin 4 0.029 0.8640 
Ppt 3892 32.219 <0.0001 
Tmax*Ppt 3 0.022 0.8820 
Tmin*Ppt 3 0.025 0.8750 
Residuals 4901   

 
S1i) M. douglasii DUR; residuals = 93 

Effect 
Sum 
Sq 

F value P value 

Tmax 334 2.356 0.1280 
Tmin 759 5.350 0.0230 
Ppt 3881 27.351 <0.0001 
Tmax*Ppt 49 0.347 0.5570 
Tmin*Ppt 204 1.441 0.2330 
Residuals 7254   
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Table S2: Assessing differences among locations, sites, maternal lines and individuals (residuals).7 

Location Site Maternal line 
Residuals 

(Individuals) 

Phenology F-value P-value % variance Wald P-value % variance Wald P-value % variance 
L. gracilis FFD 0.21 0.8278 58 0.3465 9 0.0251* 33 

LFD 0.90 0.6537 1 0.8553 4 0.2246* 95 
DUR 0.31 0.7627 41 0.3616 10 0.0341* 49 

S. arvensis FFD 5.57 0.1421 17 0.4997 48 0.0021* 35 
LFD 10.34 0.0818 1 0.8450 16 0.0080* 83 
DUR 4.21 0.1761 8 0.6007 43 0.0024* 49 

M. 

douglasii 
FFD . . . . 78 0.2333* 22 

LFD . . . . 0 0.6277* 100 

DUR . . . . 3 0.5866* 97 
 
 
 

 

                                                 
7Note: Summary statistics testing for differences among locations, sites, maternal lines and individuals. F-value (location, a fixed effect, using ANOVA) 
and Wald P-values (site and maternal line, random effects, using variance components) test the null hypothesis that levels within each variance 
component are equal for FFD/LFD/DUR for each species. Site was nested within location, and maternal line was nested within site. Analyses were 
performed on the residuals of the analyses for environmental effects. Asterisks indicate significant difference between levels of each treatment at critical 
alpha = 0.006: *p=0.006-0.001, **p=0.001-0.0005, ***p<0.0001. 
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