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BACKGROUND & INTRODUCTION

Our understanding of the global climate @ has advanced remarkallyrecent decades,
along with our awareness that changes in the climate system have affected plant and animal
activitiesand geographic distribution®iologists have been able to detect some of the impacts
of climate change on both wild and cultivatspeciedy exploring data sets from lorigrm
monitoring efforts. Repeated annual surveys of evesutsh aswildflower blooms, animal
migrations, insecemergence, and crop harvestsvhich have beemonitored formany

reasong; haveinformedour understanding ofhe biological effects of climate change

In a landmark 2007 report, the Intergovernmental Panel on Climate Change'¢B®6)arized

28,671 lmgterm data series from around the world documenting significant biological impacts

of climate changeThisreportO2 y Of dzZRSRX I Y2y 3 2 K&thJtimikgoly 34> G K
seasonal activities of animals and plagis perhaps the simplest processwhich to track

OKIFy3aSa Ay (GKS SO2f23@ 2F alLIlSOASa Ay NBaLryas
responses to climate change (and the processes that drive tdéfaj among species and

geographic regions, the general process is as follows:

« D : .
‘ Rapid rise of winter Earlier onset of warm Changes in phenology of
temperatures spring temperatures plants & animals
— | —
Winters are warming nearly aDNRgAY3I as Observable in lorterm
. twice as fast as summers | is changing biological data sets
A 4

Our understanding of phenological responses to climate chaniy®rth America, and our
ability to predict them, ardimited by the availability and scope of lctegyrm data sets. For
example, only 3.4% (or about 1,000) of the ldagn data sers that the IPCC summarized
were generated in North America. While impressive progress has been made in the U.S. in
recent years to establish a nationwide letegm biological monitoring program for academic,
government, and citizen scientists (the USAidi&l Phenology Networ& www.usanpn.org),
researchers have begua seek additionasources of londerm historical data that may
document phenological changes in plants and animals. These research projects helptscienti
to understand more completely species responsesdlitnate change, and also help to
illuminatethe historical context in which phenological monitoring programs are being
established. One of the most powerful and extensive sources of available histtataas
herbarium records.

Anherbariumis a research and education center much like a library or a museum, but where
plants collected from wild or cultivated populations are curated and stored in a stable
environment. After plants are collected, pressed, and dried, they are mountedickiree,

! Formed in 1988 by the World Meteorological Organization and the United Nations Environmental Programme,
the IPCC is the international body of scientists assessing the available scientific, technical, aecosoeivc
information relevant to understandignclimate change, its impacts, and options for mitigating its consequences on
wild and managed systems.
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museumquality paper witha label that documents when and where the specimen was

collected, who collected it, in what type of habitat it occurred, and any brief observatians

the collector may have made about the species thabcourred with the spcimen.The

ALISOAYSY 02NJ 6akKSSidéuv Aa GKSy | othek Sgtigenint y | OO0
a systematic manner in cabinets.

There are over 600 herbaria in the U &llectivelycontaining over 260 million specimens.

Most herbaria are loc&d at universities and botanic gardens but they may also be found at

National Parks and in private collections. Given the depth and breadth of collections, herbaria

are perhaps our best repositories of historical information that can be used to studgigialo

responses to environmental changes, including climate change.

In this guide we provide lrief background on herbaria A S ®> K2 g (GKS&QNB 2 NAI
uses them)pefore addressing how they have been used to study a wide range of topics,

including phenology and climate chandgeur goal igo inform readers about what texpect at

and from an herbarium, how they can support the many activities of herbaria, and how to study
phenology using herbarium specimens.

In a separatguideavailableon the Education section of the California Phenology Project

website (vww.usanpn.org/cpp/educatioy orfrom the USA National Phenology Network
(www.usanpn.or¢education), we providestep-by-stepinstructions on the basic processes of

exploring longterm phenological data sets. Usingampledata set derived from California

poppy (Eschscholziealifornicg herbariumspecimens collectedetween1906H n n ¢~ € 2 dzQf f
guided stepby-step through the processes of organizing, summarizing, visualizing, and

analyzing the data using Microsoft Excel.

,2dz YAIKG 0SS adzNIINAASR gKIG @2dzQft 0O02YS |
one hebarium sheet containing flowers of California poppy collected at one site, on one day
one collector (think of the time it took toarefullypress, dry, and glue each flower to the sheet
The photo on the right is of a letter housed at the Jepson &&um at UC Berkeley in which Sa
Plummer Lemmoig who is largely responsible forl £ A F2 Ny A | LJ2 LILJR staieS O
flower ¢ described thananyvalues of adopting this charismatic species as the state flower. 2 1
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WHAT IS AN HERBARIUM, HOW IS IT USED?

An herbarium isan institutionthat functionsmuch like a hybridhetweena museum and a

library. While herbariacontain irreplaceableollectionsthat are curated and stored in a
systematic orderthey alsosupporta wide range of research and education projectalbgwing
accesgo the collections (with permission and trainirg)d byproviding loans to other

herbaria Additionally,given thatherbaria aretypicallylocated at universities and botanic

0 N2 | educhtibnal®dtdsaihiis the yocug of halzNb >
herbarium activities. Thereften is a community abotanists associated with the herbarium

who organize collection trips and plandnservation effortsin short,herbaria arehubs of
botanicalactivity and education

gardens wherél K SNBE Qa |

Herbarium collections

Herbarium specimens

An herbarium specimen, also referred to asheet, is the basic unit of organization and study

in an herbariumAfter plants are collected, pressed, and dried, they are mounted on museum
quality paper(a sheet). A informationlabelalso is mounted on the sheet, including

information pertinent to the collection such &scation, date collector, and a description of the
surrounding habitat The sheet is then assigned an accession number and stored with others in
a systematic mannen insectresistant cabinets; specimens in the same species are held
together in a large folder, and members of the same family and genudsareizelved

together, usually in alphabetical order

A sheet might have mounted on it an entire plant (including the roots, stems, leaves and
reproductive structures), or just portions of a plant. In the latter case, it could be because the
entire plant was too large to fit on the sheet, or because it was the only portion of a plant in
which the collector was interestedlso found onthel§ SS G YA I K
small envelope into which brokestems, leaves, fruits, flowers, and/are placed

Sheet

‘

= J\

Accession number

. Specimen

Specimen label (shown in
detail in next figure)

0S da G¢FNIF IYS



Herbarium

Herbarium of Rancho Santa Ana Botanic Gﬂn
FLORA OF THE OWENS PEAK EASTERN WATERSHED
Plants of Kern Co., USA
PAPAVERACEAE

Species name &
Eschscholzia californica Cham. S taxonomic information
Sierra Nevada; Southern Sierra Nevada region: THE OWENS
PEAK EASTERN WATERSHED. Indian Wells Canyon. < Collection site;location
(Owens Peak 7.5' USGS Quad: 35.7133° O'N, 117.9633° O'W).
Alt.: 1494m/4900ft. Habitat & community

B — description
Flat area dominated by Eriogonum fasciculatum var polifolium, E, «
wrightii var. subscaposum, and Lysium cooperi. Winter annuals
abundant, dominated by Gilia brecciarum ssp. neglecta.

/ Date of collection

&« | Collector name(s) &

le wm 403 € 20 Mar 2003 | specimen number for
| W Ste:eBoyd | the collector
s - 20 Database (1 —
— - Eatered into RSA ] Digitized accession

The format of herbarium sheet labels may differ among herbaria, collectors, ar
time periods. Most labels will include much of the information shown here, with
some modern labels having GPS coordinates for the collection site as well (as
shown hee).

Organization of collections

Most herbaria follow the same basic conventiarorganizing their collections. In this
taxonomicorganizational scheme, specimens first are grouped in a folder by species. If several
folders are filled for a species then each folder is given a number (subspecies and varieties also
receive their own folder). Then, all the species in a genus are alfihabgall the genera in a

family are alphabetized, and the families are then alphabetized.

In some herbaria, all plant famili@ese grouped together and thealphabetizedegardless of
the higher taxa (e.g., subfamily, order, class, or Division) to vth&hbelong. In other
herbaria, families are segregated amdmigherorder taxonomic groupings (i.e., monocot vs.
eudicot, gymnosperm vs. angiosperfower plansvs. higher planfs Additionally, many
herbaria contain specimens from all over the wortdtiese cases, all the foldeo$ a given
species are organized by geographic regjtime first set of foldersnightrepresent plants
collecied in the contiguous U.S., with successive folders representing alidsted in North
America and othecontinents. Each folder ithen given a colored tagr symbolrepresenting
the geographic region of collection. There are variations among herbaria for these higher order
organizational schemes, which is why kssentiakto communicate with herbarium staff
before accessing the collections.



Scenes from the herbarium at California Academy of Sciences (San Francisco, C.

A) Specimens are spread out on a working desk in the collections room. Not
compactor system with rows of cabinets that can be compacted to increase stc
area. B) An open cabinet with stacked folders. Here, the gBisulscholzies shown,
with seveal folders per species arranged alphabetically. C) The history of botany
region is often discernable from herbarium labelfere, a label created by two o
I FEAF2NYALIQa FlY2dza o620GFyArada 51 Qriote

how little collection information was included!

Typesof collections

An herbarium may contain several types of botanical collections, reflecting the diverse research
and collection interests afs contributors Plants that have been collected for any reason in the
past may appear on the shelves, long as they have been prafsed, mounted, labeled, and
accessioned. There may also be various shelves and cabinets dedicated tahalbate in the
process of beig prepared for mounting and storag8enerally, an herbarium may have some

or all of the followingypes ofcollections represented:

I




1 General collectiong Most specimens fall into this category. A specimen mighd Bangle
plant that a person collectedf no other reason thathat they wanted to preserve it. On
the other hand, a specimefor several specimens of the same or different speciaght
have been accessioned by a researcher to docurtieitthe plant was collected gsart of
a research projeadcalled a voucher specimergome careebotanistshavecontributed
thousandsof specimens from the regiorbat they havestudied intensely.

1 Type specimeng These are specimens that serve a critical role in defining species
attributes. There are different kinds dfype< ¢ for example, thenolotypeis the original
specimen from which the species description was written, whereaséotypeis a
replacement fo a holotype that was destroyed.

1 Floristic surveys, These are expeditions to specific geographic regions with the primary
goal of documenting species occurrences/anébundances. Generally, one to several
specimens of each species in an area will Heected and accessioned. Floristic surveys
have been used to writeegionalfield guidesto document biological diversity, to locate
species that may be used elsewhere for habitat restoration, to seek rare or endangered
species, and to guideducational ativities. Qten, floristic surveysre conducted in regions
that are threatened by human activities. For example, floristic surkiays beerconducted
throughoutthe U.S. precedinthe construction of new housing developments destined to
displace the in@jenous plants. Strikingly, the Three Gorges Dam region of Chiaa
floristic survey was conductdakfore the dam wasompletedand the area flooded.

1 Rare plantsg Though it might seem odd to collect plants that are known to be thee,
collectioncanbe performedso that only a small portion of a plant is collectéuereby
documenting its occurrence without threatening its persistence

1 Botanical structures; Whilean accessioned specimen is likely to have several reproductive
or vegetative structurs visible, sme botanists focus collections on a particular structure
such as seeds, fruits, stems, or rodter example, the U.S. National Seed Collection is
housed at the USDA and comprises over 120,000 seed samples representing 390 plant
families, 13,00 genera, and 27,000 species
(www.ars.usda.gov/is/np/systematics/seeds.htm

1 Liquid preservatiorg These collections typically preserve plants in jars of alcohol or another
preservativeand include aquatic plants or ngelant materials (some algae, fungi, or
diatoms)

1 Non-plant materials¢ Many herbaria contain additional collections of algkehens,fungi,
or diatoms.Such collectionsften representthe specimens accumulated over a
NE&SIHNOKSNRaE SYyGdANBS OF NEBSNE | yeRearkhiBd G KSYy R2Yy
education.
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Storageof specimens varieamong herbaria

Once properly curated and accessioned, herbarium specimens are stoaestatbe

environment thatdeterspests suctasbeetles booklice, silverfisrand fungi The ideal storage
environment is one comprised ofosed cabinetseld at low humidity and low temperaturéan

example can be seen at University of California, Dalis$is prohibitively expensive for most
herbaria,which maystore specimens in closed cabinétK I 4 | NBy Qi Ornmodl GS O2)
herbaria,cabinet doors ardinedwith pestdeterring materials and chemicals.

The number of specimens in collectioreziessubstantially across herbaria. Moderatelyexi

herbaria might have 100,00200,000a LISOAYSy &a FtyR FTAft OFoAySia A
E nnQY 6KSNBIFa GKS f I 3dEldadpeciioéndland tdhrhoredikg G KS | @
warehouses (the large herbarium it the world; located in theNational Museum of Natural

History in Paris, Frangghasover 8 million specimens organized on several flgo8ome

herbaria have raisedufficientfunds to install spaceaving compacting cabinet systens,

which cabinets are placed onlmearwheel and pulley system thatlows only two cabinets to

be separated from each other (permitting their doors to open) at any one time.

Visiting an herbariung, what to expect

While the breadth, depth, and organizatioficollections vary considerably among herbaria,

the process of visiting and using an herbarium is quite similar. In all cases, the first step is to
contact someone at the herbarium order to schedulé @A &AGP® LOGQA LI2&AAAO
collecioda Ay @GKAOK &2dzQNBE AYyiUSNBAGSR KIS 06SSy
worthwhile taking the time to check bbere arriving

f S
f 2
Uponyour arrival a member of the herbarium stai$ likely toprovidea brieforientation. This

introduction gives them the opportunity to convey their local rules for use, and it gives you the
2NASY (Ol GA2Yy @& 2zddlettions SifiRntlyl People @ndging herbaria are

generally welcoming and excited to see people making uskedf tollections, and a brief

conversation will set you off on the right fod@ome herbarium staff also have entertaining
stories about thé collectionsandiil KS 1LIS2 L)X S ¢6K2Q@S dzaSR GKSYH

Here are a feweommonsense reminders about etiquette when visitihgrbaria:
1 Plan your visit and contact the herbarium in advance

1 Always wash your hands before and after handling specimens

1 Never have food or beverage out while working with specimens
1

2 KSYy LJdzt t Ay3a | F2f RSNJ 2dzii 2 F dperiDitsplacg &0 = LI | C
you replace the folder in the proper positidRemove onlpne folder at a time to ensure
you are holding it securely



1 Keep cabinet doors closed all times unless you are removing or replacing specimens.

§ Treateach sheetlikeas&R A NNBLI | OSFo6f S NBO2 NR). NedeS O dza S
flip through folders like you would a book; instead, carefully lift a sheet and place it nearby
(with the specimen facing up) Sy & dzNJA y 3 tililoKdrag acfoss thR shé&ets eldw
it.

T 52y Qi (2dz0K (KS atosfitnedittiihs isdmtéptaldiedo the2 dzQ @ S
KSND I NR dzy Qa O ddbidtake2chick oG sReke¢Br@aughdidthe sheets.

1 If you find signs of insect damage or anything else that seems pea@ldigrherbarium
staffb LT GKSNBQa | ySg LISadG 2dzioNBlF {1z GKSe&Qff
from which the specimen came) as well as on the sheet.

Activities at herbaria¢ much more than meets the eye!

Herbaria have been usdiy a wide array of peopl@ a remarkable number of wayA.brief list
of people using herbaria would include many typesaiéistists educators students;
ethnobotanists; environmental consultants; veterinariaftsgnsic botanistsgrime scene
investigdors); artists;and medcal doctors. Some of the most common visitors to herbaria
include:

V Plant taxonomists working to define
evolutionary relationships among species;

V Plant ecologists trying to identify locations
where particular species have been foundhe
past;

V Environmental onsultants trying to determine
whether particular species have been found in
particular locations in the past (e.g., whether
rare wetland species have been collected in the
past from a proposed development site);

V Nature enthusasts trying to learn the local flora
in preparation for spending time outdoows
publishing a local field guide;

V Educators helping their student® learn about Undergraduates in UC Sar
scientific collections and about plants in their . FNDI N Qa . 210
area: and course receive an introductic

to the herbarium and thenew
V' Researchers studying a wide range of topics includinggmpactor system.

climate change.

10



One herbarium researcher maintains an ongoing list of herbarium uses; youegabwVicky
Cdzy 1 Qa O2 Y LX S G Shttp:/wavirvirtbiatherbafum drg/vhB @ EskSASPY . html

Several other important activities are taking place at many herbaripart due toa precipitous
drop infundinglevelsin recent decades (this trend is true fieatural history collections in
genera). To avoid the expense and risks associated with the-thsigince loaning of herbarium
specimens, mankierbaria are creating internedccessible databases of their collections by
making digital scans of each sheet. The label information ajsovwsded in these electronic
databasesallowing researchers teearch or to analyzirge georeferenced data severy
quickly. Many herbariaalsoare joining together in consortia to enhance theallections
management effortas well as theicollective probability of securing fundingor example, the
Consortium of California Herbaria operatasvays that areimilar to an interconnected library
system, and it manages its georeferenced database for public access
(http://ucjeps.berkeley.edu/consortiuny.

In 2004 a group of researchgiRrimack et al., 2004ublished methods for using herbarium

specimens to study phenology in the context of climate change. Since then, several other

research teams have published papers testing those methods for various plants in different

parts of the world. Ongeneralmethodseems to be emerginigr data collection, ahough

different approaches have beersed forRI G F yIFfeaSaed 2SQ@S GF{1Sy Ol
research into drief summary. We encourage readers to obtain and read the original research

papers.

11
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HERBARIUM-BASED PHENOLOGICAL RESEARCH:
ESTABLISHING AVERAGE ANNUAL PHENOPHASE WINDOWS FOR
SPECIES & COMMUNITIES

Herbarium specimens can be useddetermine the average time perioduring which

phenophases are expected to occur. For example, herbarium records can help us to determine
when allergyinducing plants such as western ragwd@dnbrosia psilostachygroduce flowers

in our regionThisl LILINE I O K -8(iS2 N& ¢ ALIKKRRygRi<eif@ranany different

research and educational goals:

f RSaSINOKSNER K2LAyYy3a (G2 & dzReuseheddrd8rOA Sa Q OdzNM
specimens to identify an approximate time winddvat canmake their searching more
efficient. In exploring the herbarium shée they also learn aboube locations where
eachspecies has been found in the past.

i Botanists trying to create a local field guide

Jassrooms interested in learning more about their local flora

1 Entomologists who are curious about the floral resouregailable to pollinators in a
given area

1 Pacebased environmental education centdfsat want to promote upcoming events
centered around plant phenologZ6me join us when the [insert species] are in full
bloom)).

The methods for this approach are quite ¥ Lt ST f SGQa dzaS 6Sad SNy NI 3
an exampleTo estimate the average time of year that western ragweed is flowering, we would

sort through the available sheets and, for those specimens that have visible floral structures
(specifically pteen-producing anthersye wouldrecord the month and day of collection. Once

all the specimens have been observea, could therestimateanaverage date of flowering for

the species.

=

If our interest was to estimate thensetof floweringof western ragveed, then wewould
become more precise about the flowering phenophase of dltering specimenSpecifically,
we would classify flowering specimens into categories representing plants that are

(a) producing their first flowers (e.g., only the basal buddlwir flowering stems are
open),

(b) at or nearpeak flowering (e.g., ~50% of the flower buds distributed among their stems
or flower clusters have opened)r

(c) producing their last flowers (e.g., the terminal flower buds on their branches are open).

After recording collection datefor specimens in each of these categories, we could then
estimatethe averageonest, peakand end of floweringAs a result, we would hawebetter
estimate of wherthe ragweed allergy season begins, peaks, fanshed



Additional research and education ideas:

1 Following this simple approach, create a phenological calendar of local native plant species

for one to several plant communities in your region. Combine this information with photos

2F SIFOK LIKSYy2LKIFIAS YR alLISOASaHel yR &2dz2Q@S C
1 Try completing this activity fasther species in your region thatre known allergens.
T ¢ 1S I LIt Aydmae AlRtDdf al #eMBninSdghigblih&ed wild plants in

your region (oiselectanother pollinator of your choice), and thaletermine their average

flowering times. This can give you an idea of the resources available to hummingbirds

throughout the year, and might guide efforts to install native plantpublic or residential

gardens in ordeto support hummingbirds.

HERBARIUM-BASED PHENOLOGICAL RESEARCH:
EXPLORING LONG-TERM CHANGES IN PHENOLOGY

Longterm observational records indicate that plants are responding to warmer spring
temperatures by changing the timing of their phenophases such asigaflowering, and

fruiting. Species differ in their response rates however, and researchers have become
interested in documenting which species are (or are not) responding rapidly and why (or why
not). With over 260 million potential data points in the U.Snaldherbarisgharborimmense

vaults of untapped information about how plants are respondingltmate change and are
perhapsthe most powerful and extensive sources of historical datastudyingthis process

Methods for using herbarium specimens to dyuhistorical changes in flowering times were

first publishedby Dr. Richard Primack and his colleagii®Fgnack et a).2004. Since then,

several other research groups have published papers testing and further developing those
herbariumbasedmethods for various plants in different parts of the world. One general

method seems to be emerging fdata collectionalthough different approaches have been

takenforRI G FylfeasSad 2SQ@S Gl 1Sy OFNB G2. RAaGAT
We encourage readers to obtain and read the original research papers.

The first published methods

RichardPrimack and colleagues published the first methfmfsusingherbarium specimens to

assess phenological responses to climate change. They recorded flowering times of plants that
KFIR 0SSy 02ttt SOGSR aAyO0S myyp G 1 NBFENR ' yAQD
the historical flowering times tthose directlyobservedin 2003on living trees in the same

location.

The species they included in the study satisfied five critéithey wereavailable for
observation in both the arboretum and the herbarium;tR¢y producedconspicuous, easily



recognizable flowes; 3)they flowered for arelatively shortduration; 4)they werewild species

(not cultivars); and Shey were represented bt least one herbariurd LIS OA YSY R dzNA y 3
T £ 2 gThdldate of full flower was determined footh living and preserved plasic & F dzf
FEt26SNE o6& RSTAYSR | displayindaiflensydDd% of itsho@ls if Il 2 NJ LINS
bloom. For living plants this was determined by tracking twieekly the flowering display for

an individual in the arboretum; for preserved plaittsvas determined by firdibcating

specimens that were collected at full flowering and then recording the date on which they were
collected. The researchers thestimatedthe change in flowering time by subtracting the
OdzZNNBy i &SI NDa the histodcsl Ndwefidg dite. AiStimateddhanges in

flowering time were then includeds the dependent variabi@ a regression analysis which

the independent (or predictor) variable was either thear of collectioror the average

temperature durng the period ofFebruaryMay preceding flowering.

In sum, Primack and colleagues defined the phenophases and species of interest, compared
historical to current flowering times, and then examined the data set for-teng changesn
flowering time as dunction ofeither time (year) or recentemperature. What they discovered

is that plants flowered on average 8 days earlier at the end of the century {2@&®) than at

the beginning of the century (1961020), and that the change in flowering time is@sated

with warming temperatures.

Further development of methods & analyses

Over the next few years other researchers published papers following similar methods but with
different scopes of research and more rigorous analyses example, Lavoiel&achance

(2006) focused on just one abundant speciésl{sfoot Tussilago farfarpand expanded the
geographic area of herbarium collections to include the area of southern Quebec, Canada. After
examining specimens from seven different herbaria in thearegand after including snowmelt

date in their analyses to account for the environmental variation spanning the study area, they
found that plants were flowering 131 days earlier at the end of the century compared to the
beginning of the century.

Gallagher et al. (2009¢onducted a rigorous analysis of phenological data derived from
herbarium records, using extensive climate modeling to account for variation in temperatures
across the study region across years. Byaming the spatial locations of henbam specimens

to a gridded temperature data set for the region, they were able to identify several species
whose flowering response was sensitive to temperature. Interestingly, they obtained their
datasets electronically from three herbaria in Australjaguerying their online databases (they
also took several important steps to refine the data, which they describe in their paper).

Most recently, Robbirt et a{2011) evaluated the capacity for herbarium specimens to serve as
a proxy for fieldcollecteddata. They compared a lofigrm observational data set afie

flowering phenology of an orchidphrys sphegodgsvith its herbariumbased phenological
records and discovered similar trends in both dagtssThey also included climadata in their



analyses,with whichfirst they determined the window of time each yeduring which
temperatures had the strongest association with the flowering records.

Theprogression and increasing sophistication of herbariesed phenologicaksearchare

apparent ints brief severyearhistory.Extendingupon andimproving themethods

demonstratedby Primack et al. (20049everalother researchers havevaluated how to

include climatialata moreexplicitly, how to selectspecies, and whether herbarium data

approximde field-collected data. The emerging theme is that not only are herldaghly

usefulresources for climate change research, but that rigorous analyses can be conducted with
climatic data to fully explore trends in the data setsy’ ( KS vy S Hifiocud éhdnhé datay = 6 S Q
collection step.

METHODS IN HERBARIUM-BASED PHENOLOGICAL RESEARCH

The general approadoo studying phenology with herbarium specimens is to complaee
biological information determined frora specimen with thecollectioninformation provided on
its label. Specifically, thehenological status & specimerat the time of collections
comparedwith its collectiondate. This approach can be used with tw@jor goals in mind:

1 Establish the average seasonal timeframe of hgnophase
ExampleWhen, on average, dallergyinducing plants flower in my region?
Methods:

1. Sort through the folderand sheet®f one species an herbariumForeachspecimen
assign a phenophase category to describe hovit faas progressed through flowering
(e.g.,pre-flowering,first flowering, peak flowerindastflowering, after flowering. For
annual species, avoid specimens for which only a portion of the apawend stems
have been collected. For longkved speciesyou will have to assume that the stems
preserved on the herbarium sheet represent the flowering phenophase of the entire
plant from which it came.

2. Record he month and day of collectip as well as any pertinent geographic
information.

1 Explorelong-term changes in plant phenology
Examplels flowering time ofour focal specieshanging over recent decades?

Methods Follow thesamesteps as above, but also record the year of collection for each
specimen.

Both of these approachds herbariumbased phenology resear@ntail recordingsimilar data
from the herbarium sheetsA data sheet for both of these activities might appear as follows:



Collection

information Phenology Collection date Additional geographic information

Accession Collector| Phenophasg Month | Day| Year | Elevation| Latitude | Longitude | County
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complete!For an introduction on how to analyze data collected in this way, please see the
accompanying exercise on tlaaalysis oherbariumbased phenologicalata.

ADDITIONAL CONSIDERATIONS FOR HERBARIUM-BASED
PHENOLOGICAL RESEARCH AND ANALYSIS

Once gphenologicabata set has been generated from herbarium specimens, or from any
historical or current records, researchers should consider sharing and archiving the data set
with the USA National Phenology Netwoublications resulting from these data setre, of
course, incredibly valuable for many reason$en data sets are archivefliture researchers
may obtain and combinseveral herbariumbased phenologicalata sets in order to conduct
more extensive analyses. Visit the USRN website to learn morgrww.usanpn.org

Project planning and data collection phases

Depending on the goals of the research, it maybeessary toxclude some specimens from
the data set. It may also laesirable to study particular phenophasasphenological events
(e.g., the date of first flower)species, or geographic regions. Consider the follof@oprs in
the project planning and data cotldon phases

Secimen quality¢ Examine each specimen carefully for missing structugstablish criteria
for including specimens in the data set. For example, you may want to include only specimens
where every structure is visible and available for 3l G A2y ® L F & NHzOG dzNB a

AYLIRAaaAoftS G2 (y2s GKS LI FyidQa (GNHzS LIKSYy2LKI &

projects focused on reproductive structures because they tend to be very fragile when dried
and often are missing orpscimens.

Collection information¢ Many specimens, especially older specimens, only have a month and
year recorded on the labeDther specimens may not have any geographic information. Some


http://www.usanpn.org/

of thesespecimenswith missing collection informatiomight still be helpful to some projects,
but missing collection information Igely to be cause for exclusion from the data set.

Geographidimitations ¢ Oftenthe geographic informatiomeportedon herbariumsheets is
incomplete.This may complicate interpretation of results because, witramdurate

geographic information, it is impossible to discern whether a specimesaysflowering early

because it was a warm year or because it was collectedaat elevation or latitude.

Additionally, only since 1983 have GPS satellites and coordinates been accessible by the public,
and only since May 1, 2000 have higisolution coordinates been available to tpablic (ay

GPS coordinates available from specim&om 1983 to 2000 may h#f by at least100

meters). In the absence of reliable and accurate geographic information, it may be better to
ignore a specimen than to spend the time recording its phenophase.

Reducing aise in the data potential sources of error

There are severahherent issues associated with using historical collectionptienology
research. Here we briefly describe some of the potential sources of error that are commonly
addressed in peereviewed publications.

Collector biag; Collectorsselectplants to ollect based on many criteria, none of which we will
ever know. A collector might be fond of collecting first flowering plants, or peak flowering

plants, or plants producing their first new leaves. Thus, the phenology of any one specimen may
not accuratelyreflect the predominant phenolgical status of the plants with which it was
growing.The resolution to this issue is to include specimens from as many collectors as
possible, thereby reducing the potential for collector bias to play a role in the distrbaf the

data set.

Plant size & collector choice Many plants are too large to be collected in their entirety and
mounted on one herbarium sheet. This means that an available specimen represents a choice
that the collector(s) made during the colleatioDid they collect a branch representative of the
entire plant, or did they collect a branch because it was one of the few that exhibited a
particular phenophase? We will neManowthe answers to these questions, but it is important

to consider them wheinterpreting results. One watp control for variation in phenological

data due to the collection of partial specimens is to select for analysis only-swataited plants

or species whose entire body (or at least the abgveund portions¥its on thesheet, although

this limits the number of species available for research.

Flowering duration of specieg The potential to detect phenological changesigiven
population orspecies may depend on its flowering duration. Some authors have argued that
shott-flowering species that are in bloofar onlya coupleof weeks each year might be
particularly suitable candidates for detecting changes in flowering time. Similarly, long



flowering species that produce flowers for several morgashyear may be more €icult to

assess for lorerm changes in phenology. Some authors have argusithg appropriate

statistical tests) that flowering duration does not influence the probability of detecting changes
in phenology. At this point, the issue seems unresolvedvemald be a fruitful area of research.

Choice of phenophaseL i KIF & 6SSy | NHdzZSR GKIF G GKS aLISI |
FE26SNAY3IS Aa + Y2NB NBfAIFIOfS LKSYy2LKIFAS 02
flowering. This is because first eventaipopulation tend to be statistical outliecsn a

population of100 or 10,000 plants, the first few plants to flower are statisticzdigy early

compared tothe populationaverage Combined with theffects ofcollector biaglescribed
above,some authes have argued that first events should be avoided in favor of peak events.
Indeed most researchers have focused on peak phenophases, but the issue has not yet been
addressed with statistical rigor.

€
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Fluctuating collection efforts; Most data sets from hérarium specimens will have collection
gapsc years or even decades where there are very few specimens available. There also has
been a general declina collection efforts over recent decades, likely attributabletie lack of
funding available for basuollections and their curation and storage. Gaps in the data set can
affect the statistical inference and conclusions we draw from the data set. Some researchers
have addressed gaps in their data sets either Hyrst)demonstrating a change in temperaéu
over the study period and theimcusinganalysen the relationship between phenology and
temperatureregardless of yeaior b)contrasting groups of data to each oth@or example,
comparing earhcentury and latecentury flowering timesn order todetect a statistically
significant temporal change in mean flowering times
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