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without disturbance to the environment being monitored
(Hamilton et al. 2007). For example, Ko et al. (2007) used
imaging hardware placed in avian nest boxes to automat-
ically detect bird presence and count eggs over the nest-
ing cycle. Automated discovery of phenological events
using imagery has recently been successful through a
combination of low-level, robust image analysis with
more complex machine learning algorithms. Examples
include automatically identifying and counting individ-
ual flowers from images captured in a 5000-m2 field with a
pan-tilt-zoom camera and calculating leaf area of rhodo-
dendron in a temperate forest, using a camera on a mobile
platform (EAG unpublished; Figure 3). 

Recent studies have combined automatic imaging, sim-
ple color analysis, and sophisticated CO2 measurements
to quantify carbon cycles at a range of scales (from
patches of moss [Graham et al. 2006] to large stands of
deciduous trees [Richardson et al. 2007]). Figure 4 shows
images from a networked digital webcam at the Bartlett
AmeriFlux site in the White Mountain National Forest
of New Hampshire. The color channel information
extracted from these images is used to quantitatively
track seasonal changes in phenology of the
maple–beech–birch canopy, and these have been related
to tower-based measurements of surface–atmosphere
exchanges (via eddy covariance methods; Richardson et
al. 2007). The image sequence shows early spring, prior to
leaf-out; late spring, when the canopy is nearly fully
developed; and early autumn, at the peak of fall color.

Features such as remote pan, tilt, and zoom of fixed-
position cameras, as well as motion detection and auto-
matic image acquisition and web posting, offer opportuni-
ties for researchers not only to obtain scientifically
valuable data, but also to engage the public through out-
reach and educational activities. The list of potential

applications will undoubtedly grow as
sensor technologies become even more
applicable, accessible, and affordable.

Cyberinfrastructure

Cyberinfrastructure plays a critical role
in the collection, management, and dis-
semination of information about mod-
ern research efforts, particularly as these
efforts involve a variety of different
research entities, data collected across a
range of spatial and temporal scales, and
complex systems (Atkins et al. 2003).
With the recent development of a
United States National Phenology
Network (USA–NPN nd; Betancourt et
al. 2007), the challenge of coordinating
numerous data streams, collected across
a range of spatial and temporal scales,
becomes paramount. This network must
be capable of accepting data from at

least three different types of providers: (1) research and
monitoring networks (eg AmeriFlux, the US National
Science Foundation’s Long Term Ecological Research
sites, Monarch Watch, Hummingbird Monitoring
Network, the Global Learning and Observations to
Benefit the Environment Program), (2) professionals in
agricultural and land-management activities, and (3)
citizen scientists from a wide variety of backgrounds
and with diverse interests. Indeed, a related effort,
“Project Budburst”, is highly successful in using the
internet and a consistent set of straightforward proto-
cols to both engage citizen scientist observers and pro-
vide outreach to a broad range of educators (Project
Budburst 2007). Studies of citizen science networks
(Cooper et al. 2007) outline such issues as integration
of citizen science data with other sources, concerns
about quality of data, and incentives for researchers.
Nevertheless, data from citizen sources and other
research and monitoring networks must serve a broad
set of end users, including researchers, land managers,
and decision makers. A key cyberinfrastructure chal-
lenge for USA–NPN, as well as the broader phenology
community, is how these multi-scale observations can
be integrated into a cohesive data framework that will
provide access to a broad and dense network of raw
observations of defined quality and to higher-order
products derived from these observations. 

A number of recent cyberinfrastructure developments
will help the phenological community to achieve these
goals. There are now common tools for managing ecolog-
ical data and metadata (Michener 2006). In addition,
research that was aimed at developing virtual astronomi-
cal observatories is beginning to migrate into Earth sci-
ence and progress has been made in combining data from
multiple sources into virtual observatories (McGuinness

FFiigguurree  22.. Example of phenology product derived from 250-m time series data from
NASA’s moderate resolution imaging spectroradiometer (MODIS nd).
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et al. in press). As a result, there is growing
pressure from sponsoring agencies on the
various Earth-observing networks to work
together to enhance data sharing (eg
Adang 2006). 

� Research and practical implications

How do these recent advances address key
environmental issues of concern? Here, we
provide examples in the areas of climate
research and land management. 

Interactions between changing
phenologies and climate change 

In the context of global climate change,
the “phenology–climate connection” pre-
sents a problem to ecologists and climatol-
ogists alike. The issue of scale is particu-
larly critical here, as phenological
observations are typically done at the plant
level, while climate-change research has
focused on much larger scales. It is crucial
for the ecological community to better
quantify phenological responses to cli-
matic drivers. Likewise, it is crucial for the
climate community to better quantify the
influence of phenology on climate (eg
through surface–atmosphere exchanges).
Ample evidence suggests that 20th-cen-
tury climate change has altered phenolo-
gies (Schwartz et al 2006). Land-surface
phenology can be coupled with assimilated meteorologi-
cal information to explore relationships across large areas
(Fisher et al. 2006; Zhang et al. 2007). Given the increas-
ing rate of climate change projected for the 21st century,
there is a pressing need to establish the spatial and tem-
poral phenological responses to climate change.
Improving our understanding, across all taxa and scales,
of intra- and inter-species phenological sensitivity to cli-
mate change will help ecologists to identify vulnerable
ecosystems and potential ecological asynchronies (eg
Williams et al. 2007).

We do not yet know how the multivariate influence of
meteorological conditions (eg temperature, precipitation,
solar radiation) drives phenology. In addressing these
uncertainties, it is important to disaggregate phenological
response to climate change from that associated with cli-
mate variability. For example, it is critical to understand
the influence of extreme events (eg heat waves, hard
freezes, drought) and dominant modes of climate variabil-
ity (eg El Niño–Southern Oscillation, Northern Annular
Mode) on phenological events, as well as the “memory”
of flora and fauna to previous conditions. 

While the causal link between climate and phenology
is conceptually straightforward, the potential influence of

phenology on climate is less well understood (Alessandri
et al. 2007). Changes in the surface energy balance,
induced by phenology, act to modify local surface temper-
atures, humidity, and regional circulation regimes. Given
the potentially important role of phenology in local cli-
mate through physical feedback processes, it is essential
to include phenological changes as part of the land sur-
face–atmosphere interaction in the next generation of
regional climate models. Similarly, accounting for phe-
nology in hydrologic models may further improve the
representation of coupling between the land surface and
atmosphere to improve local and regional analysis. 

Feedbacks between vegetation and the lower atmos-
phere occur across a range of time scales, from minutes
(eg transpiration) to centuries (eg species distribution;
Pielke et al. 1998; see also Figure 1). Seasonal changes in
the phenology of deciduous canopies, especially spring
green-up and autumn senescence, can alter both physical
(surface energy balance and surface roughness) and bio-
geochemical (nutrient uptake and release, photosynthesis
and carbon sequestration) properties of the land surface.
Together, these have consequences for the structure of
the planetary boundary layer, ambient surface tempera-
ture and humidity, cloud physics and precipitation pat-

FFiigguurree  33.. Examples of (a) automatically identifying and counting individual
flowers from images captured in a 5000-m2 field with a pan-tilt-zoom camera
and (b) calculating leaf areas of rhododendron in a temperate forest using a
camera on a mobile platform. Inset in (b) is an example of a small, wireless,
battery-powered camera that can be networked for automated image retrieval
(http://research.cens.ucla.edu).
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terns, soil thermal properties, and levels of atmospheric
CO2 (eg Schwartz 1992).

In order to best resolve the intricate details that govern
both present-day and future climate processes, climate
models must account for bidirectional feedbacks between
the biosphere and the atmosphere (Pitman 2003). This
requires the implementation of coupled, dynamic, global
vegetation–climate models (Kucharik et al. 2006).
Phenology schemes currently implemented in state-of-
the-art land surface schemes (eg Integrated Biosphere
Simulator [IBIS], Simple Biosphere Model, version 2
[SiB2], Community Land Model [CLM]) are inadequate
for resolving the complexities of surface–atmosphere
exchanges associated with phenology. Currently, climate
models either specify a predetermined phenological
scheme or produce phenological parameters as output
from the model. When predetermined, phenology is not
responsive to environmental drivers. When driven by the
model, phenology predictions tend to be biased, because
the models use a limited number of plant functional types
and overly simple representations of ecosystem processes
(Kucharik et al. 2006). 

Advances in phenological research can improve our
understanding of the climate–phenology connection.
Improvement and standardization of land-surface phenol-

ogy products can facilitate the climate modeling commu-
nity’s use of such data, and coincident field monitoring of
both phenological and meteorological observations will
help to inform the coupling between the two. Finally,
advances in sensors and cyberinfrastructure can ensure
that a full suite of both phenological and climatic mea-
surements are collected in an integrated and consistent
fashion across a wide range of sites. These measurements,
together with improved land-surface phenology products
and assimilated meteorological data, are the components
required to improve our understanding of the phenol-
ogy–climate change connection and sensitivities at local
to regional scales.

Land use and management 

Many ecosystem processes from which we derive eco-
nomic benefit depend on climate patterns and follow sea-
sonal cycles (Figure 1). The ability to predict both sea-
sonal and inter-annual variation in the phenology of a
range of ecosystems has important management implica-
tions for grazing, forestry and agriculture, pest manage-
ment, disease vectors and allergens, energy consumption,
water availability and conservation, and tourism and
hunting, among others. In each of these disciplines,
improved understanding and forecasting of phenologies
may improve management techniques and, in some cases,
reduce the risk of undesirable outcomes (eg disease out-
breaks, crop failure, forest fires). For example, grass pro-
tein content falls rapidly through early summer as the
grasses mature and senesce. By timing grazing to phenol-
ogy, forage quality can be maintained longer prior to
senescence (Ganskopp et al. 2007) and managers can
selectively graze to optimize returns and sustainability. In
terms of public health, better phenological forecasting
would be relevant for improved prophylactic treatment of
asthma and allergies. Early work correlating climate with

FFiigguurree  44..  Webcam images from a field site in New Hampshire’s
White Mountain National Forest: (a) early spring, (b) late
spring, and (c) early autumn.
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pollen production (eg Subiza et al. 1992) found that near-
term pollen abundances could be predicted with reason-
able accuracy. Finally, Chuine and Belmonte (2004) used
species-specific, temperature-driven phenological models
to predict pollen abundance for 13 highly allergenic
species in France and Spain, with moderate success. This
is bound to be an area of active research in the future.

For land management, the principal challenge relates to
prediction. Managers need to know how today’s manage-
ment decisions will impact tomorrow’s ecosystem
processes. But issues of scale and taxa are also relevant. For
most land-management scenarios, the management unit
includes many individual plants or animals. Thus, individ-
ual observations must be scaled up to the management
unit.  Also, because ecosystem processes interact, manage-
ment of one domain will affect others, and understanding
phenological response across taxa will be important. 

New work on land-surface phenology (Fisher and
Mustard 2007; MODIS nd) provides satellite-derived
phenology data at a higher spatial resolution. While land
managers are likely to be more familiar with measure-
ments collected at a local scale (individual plant or ani-
mal), when these measurements are coupled with higher-
resolution landscape phenology data, there may be new
insights on how local activities relate to the larger man-
agement area. Also, a better link between climate and
phenology can help to connect existing climate forecasts
to phenological forecasts. By having predictions of both
future climate and future phenology, land managers will
have added insight into the ecosystem services relevant
to them.

� Conclusions

As long as there are living organisms on our planet, we
can expect to see seasonal patterns in life-cycle events.
The better we understand these cycles, the better we will
understand the world around us, and this will help us to
adapt to climate change and to better manage our natural
resources. 

Remote sensing of land-surface phenology will con-
tinue to be refined and coupled with more traditional
ground observations. Retrospective studies will extend
phenology records further back in time. Field sensors will
become more affordable and accessible, thereby allowing
a full suite of measurements to be collected across globally
distributed science, management, and citizen-scientist
networks. Cyberinfrastructure will enable these data to be
synthesized and used by increasingly advanced
spatial–temporal analysis and modeling activities, per-
haps in a manner analogous to the way in which real-time
meteorological observations are fed into numerical mod-
els to provide continually updated weather forecasts for
distribution to a wide range of end users.

Promoting an awareness of the synergy and connected-
ness of these activities will help the research and manage-
ment communities to make the most of the new informa-
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tion. The USA–NPN, having been established to help
coordinate phenological research in the US, will promote
such awareness (Betancourt et al. 2007). Given the
advances and issues presented here, it is certainly a timely
idea, currently blooming with possibilities.

� Acknowledgements

The authors thank JL Betancourt and MD Schwartz for
their leadership in developing the USA National
Phenology Network. It was through the August 2007
annual meeting of the USA–NPN Research Coor-
dination Network (supported by National Science
Foundation Research grant # 0639794) that the authors
came together to develop this paper. The authors thank
JF Weltzin for his leadership at that meeting and J Gross,
who led the session calling for a phenology review paper.
Please see WebPanel 1 for author contributions.

� References
Adang T. 2006. Global Earth observation system of systems

(GEOSS): initial actions to enhance data sharing to meet soci-
etal needs. Eos Trans. AGU,  87(36), Abstract IN52A-05.
Proceedings of the AGU Joint Assembly; 23–26 May 2006;
Baltimore, MD. Washington, DC: AGU.

Adamsen FJ, Coffelt TA, Nelson JM, et al. 2000. Method for using
image from a color digital camera to estimate flower number.
Crop Sci 4400: 704–09. 

Alessandri A, Gualdi S, Polcher J, and Navarra A. 2007. Effects of
land surface vegetation on the boreal summer surface climate of
a GCM. J Climate 2200: 255–78.

Atkins DE, Drogemaler KK, Feldman SI, et al. 2003. Revolu-
tionizing science and engineering through cyberinfrastructure.
www.nsf.gov/od/oci/reports/atkins.pdf. Viewed 7 Dec 2007.

Brown M and de Beurs KM. 2008. Evaluation of multi-sensor semi-
arid crop season parameters based on NDVI and rainfall.
Remote Sens Environ 111122: 2261–71.

Betancourt JL, Schwartz MD, Breshears DD, et al. 2007. Evolving
plans for the USA National Phenology Network. Eos 8888: 211.

Caprio JM. 1966. Pattern of plant development in the western
United States. Bozeman, MT: Montana State University.
Bulletin 607.

Chuine I, Cambon G, and Comtois P. 2000. Scaling phenology
from the local to the regional level: advances from species-spe-
cific phenological models. Glob Change Biol 66: 943–52.

Chuine I and Belmonte J. 2004. Improving prophylaxis for pollen
allergies: predicting the time course of the pollen load of the
atmosphere of major allergenic plants in France and Spain.
Grana 4433: 1–17. 

Chuine I, Yiou P, Viovy N, et al. 2004. Grape ripening as a past cli-
mate indicator. Nature 443322: 289. 

Cleland EE, Chuine I, Menzel A, et al. 2007. Shifting plant phe-
nology in response to global change. Trends Ecol Evol 2222:
357–65.

Cook B, Smith TM, and Mann ME. 2005. The North Atlantic
Oscillation and regional phenology prediction over Europe.
Glob Change Biol 1111: 919–26. 

Cooper CB, Dickinson J, Phillips T, and Bonney R. 2007. Citizen
science as a tool for conservation in residential ecosystems.
Ecol Soc 1122: 11. 

de Beurs KM and Henebry GM. 2004. Land surface phenology cli-
matic variation and institutional change: analyzing agricultural
land cover change in Kazakhstan. Remote Sens Environ 8899:
497–509.



Phenological research in the 21st century JT Morisette et al.

de Beurs KM and Henebry GM. 2005. Land surface phenology and
temperature variation in the International Geosphere
Biosphere Program high-latitude transects. Glob Change Biol
1111: 779–90.

Fisher JI, Richardson AD, and Mustard JF. 2007. Phenology model
from surface meteorology does not capture satellite-based
greenup estimations. Glob Change Biol 1133: 707–721.

Fisher JI and Mustard JF. 2007. Cross-scalar satellite phenology
from ground Landsat and MODIS data. Remote Sens Environ
110099: 261–73.

Friedl M, Henebry GM, Reed B, et al. 2006. Land surface phenol-
ogy NASA white paper. http://lcluc.umd.edu/Documents/land-
esdr.asp. Viewed 7 Dec 2007.

Ganskopp D, Aguilera L, and Vavra M. 2007. Livestock forage
conditioning among six northern Great Basin grasses.
Rangeland Ecol Manage 6600: 71–78.

Goddijn LM and White M. 2006. Using a digital camera for water
quality measurements in Galway Bay. Estuar Coast Shelf S 6666:
429–36.

Graham EA, Hamilton MP, Mishler BD, et al. 2006. Use of a net-
worked digital camera to estimate net CO2 uptake of a desicca-
tion tolerant moss. Int J Plant Sci 116677: 751–58.

Hamilton MP, Rundel PW, Allen MFA, et al. 2007. New
approaches in embedded networked sensing for terrestrial eco-
logical observatories. Environ Eng Science 2244: 192–204.

Harris AT, Asner GP, and Miller ME. 2003. Changes in vegetation
structure after long-term grazing in pinyon–juniper ecosystems:
integrating imaging spectroscopy and field studies. Ecosystems
66: 368–83.

Jolly WM, Nemani R, and Running SW. 2005. A generalized bio-
climatic index to predict foliar phenology in response to cli-
mate. Glob Change Biol 1111: 619–32.

Jönsson P and Eklundh L. 2004. TIMESAT – a program for analyz-
ing time-series of satellite sensor data. Comput Geosci 3300:
833–45.

Kathuroju N, White MA, Symanzik J, et al. 2007. On the use of the
advanced very high resolution radiometer for development of
prognostic land surface phenology models. Ecol Model 220011:
144–56.

Ko T, Charbiwala ZM, Ahmadian S, et al. 2007. Exploring tradeoffs
in accuracy, energy and latency of scale invariant feature trans-
form in wireless camera networks. In: First ACM/IEEE interna-
tional conference on distributed smart cameras. 25–28
September 2007; Vienna, Austria: IEEE.  doi:10.1109/ICDSC.
2007.4357539.

Kucharik CJ, Barford CC, El Maayar M, et al. 2006. A multiyear
evaluation of a dynamic global vegetation model at three
AmeriFlux forest sites: vegetation structure phenology soil
temperature and CO2 and H2O vapor exchange. Ecol Model
119966: 1–31.

Leopold A. 1949. A Sand County almanac. New York, NY: Oxford
University Press.

McGuinness D, Fox P, Cinquini L, et al. The virtual solar–terres-
trial observatory: a deployed semantic web application case
study for scientific research. P Innov Applic Artif Intell. In press.

Meier U. 2001. Growth stages of mono- and dicotyledonous plants.
Berlin, Germany: German Federal Biological Research Centre
for Agriculture and Forestry, BBCH-Monograph, Blackwell
Science.

Menzel A, Estrella N, and Testka A. 2005. Temperature response
rates from long-term phenological records. Climate Res 3300:
21–28.

Michener WK. 2006. Meta-information concepts for ecological
data management. Ecol Informatics 11: 3–7.

Miller-Rushing AJ, Primack RB, Primack D, and Mukunda S.
2006. Photographs and herbarium specimens as tools to docu-
ment phenological changes in response to global warming. Am
J Bot 9933: 1667–74.

MODIS (Moderate Resolution Imaging Spectroradiometer). nd.
www.accweb.nascom.nasa.gov. Viewed 7 Dec 2007.

Moulin S, Kergoat L, Viovy N, and Dedieu G. 1997. Global-scale
assessment of vegetation phenology using NOAA/AVHRR
satellite measurements. J Climate 1100: 1154–70.

Parmesan C. 2007. Influences of species latitudes and methodolo-
gies on estimates of phenological response to global warming.
Glob Change Biol 1133: 1860–87.

Pielke RA, Avissar R, Raupach M, et al. 1998. Interactions
between the atmosphere and terrestrial ecosystems: influence
on weather and climate. Glob Change Biol 44: 461–75.

Pitman AJ. 2003. The evolution of and revolution in land surface
schemes designed for climate models. Int J Climatol 2233: 479–510. 

Project Budburst. 2007. Project Budburst: a national phenology net-
work field campaign for citizen scientists. www.budburst.org.
Viewed 14 March 2008.

Reed BC, Brown JF, Vanderzee D, et al. 1994. Measuring phenolog-
ical variability from satellite imagery. J Veg Sci 55: 703–14.

Rich PM, Breshears DD, and White AB. 2008. Phenology of mixed
woody–herbaceous ecosystems following extreme events: net
and differential responses. Ecology 8899: 342–52.

Richardson AD, Jenkins JP, Braswell BH, et al. 2007. Use of digital
webcam images to track spring green-up in a deciduous
broadleaf forest. Oecologia 115522: 323–34.

Schwartz MD. 1992. Phenology and springtime surface-layer
change. Mon Weather Rev 112200: 2570–78.

Schwartz MD, Reed B, and White MA. 2002. Assessing satellite-
derived start-of-season (SOS) measures in the conterminous
USA. Int J Climatol 2222: 1793–1805.

Schwartz MD. 2003. Phenology: an integrative environmental sci-
ence. Dordrecht, Netherlands: Kluwer Academic Publishing.

Schwartz MD, Ahas R, and Aasa A. 2006. Onset of spring starting
earlier across the northern hemisphere. Glob Change Biol 1122:
343–51.

Subiza J, Masiello JM, Subiza JL, et al. 1992. Prediction of annual
variations in atmospheric concentrations of grass pollen. A
method based on meteorological factors and grain crop esti-
mates. Clin Exp Allergy 2222: 540–46.

USA–NPN (United States National Phenology Network).
www.usanpn.org. Viewed 14 Mar 2008.

White MA and Nemani RR. 2006. Real-time monitoring and
short-term forecasting of land surface phenology. Remote Sens
Environ 110044: 43–49.

Williams JW, Jackson ST, and Kutzbach JE. 2007. Projected distri-
butions of novel and disappearing climates by 2100 AD. P Natl
Acad Sci USA 110044: 5738–42.

Zhang XY, Friedl MA, Schaaf CB, et al. 2003. Monitoring vegeta-
tion phenology using MODIS. Remote Sens Environ 8844:
471–75.

Zhang XY, Tarpley D, and Sullivan JT. 2007. Diverse responses of
vegetation to a warming climate. Geophys Res Lett 3344: L19405. 

3Department of Biology and Graduate Degree Program in Ecology,
Colorado State University, Fort Collins, CO; 4Synapse Energy
Economics Inc, Cambridge, MA; 5Center for Embedded Networked
Sensing, UCLA, Los Angeles, CA; 6Division of Atmospheric
Science, Western Regional Climate Center, Desert Research Institute,
Reno, NV; 7Environmental Sciences Division, Oak Ridge National
Laboratory, Oak Ridge, TN; 8School of Natural Resources, Institute
for the Study of Planet Earth and Department of Ecology and
Evolutionary Biology, University of Arizona, Tucson, AZ;
9Geographic Information Science Center of Excellence, South Dakota
State University, Brookings, SD; 10Department of Geography,
University of Wisconsin–Milwaukee, Milwaukee, WI

260

wwwwww..ffrroonnttiieerrssiinneeccoollooggyy..oorrgg ©©  The Ecological Society of America




