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Preface
This book contains information for the 2009 Mid-Term Site Review of the Luquillo Long-Term Ecological Research Program.  First is information on the program for the site review, including the schedule, practical information for the review team, and maps of places you will visit.  Second is an overview of the Luquillo LTER science and education programs.

More detailed information on Luquillo LTER, such as the recent proposal, annual reports, publications, data sets, and so on can be found at the Luquillo LTER website:  http://luq.lternet.edu/index.html.  Information assembled especially for the review team is at http://luq.lternet.edu/2009Review/index.html,  or is reached by clicking on “2009 Mid-Term Site Review” at the right center of the front page of our website.

Thank you for coming to Puerto Rico to participate in this site review.  We look forward to your comments on the Luquillo LTER program.

Work described in this book has been supported by NSF’s Long-Term Ecological Research Program, other NSF divisions, the University of Puerto Rico, the USDA International Institute of Tropical Forestry, the Andrew Mellon Fund, and the collaborating universities of senior personnel. 

Figure 1 (on title page) – Timeline of research in the Luquillo Long-Term Ecological Research Program (Luquillo LTER), carried out in Puerto Rico.  
 Information for Site Review Visitors

Arrival and departure

On arrival in San Juan take a taxi from the airport to the Embassy Suites Hotel (Map 1), a short ride from the airport.  There is a set fare for that trip.  Ask the cabbie.  NSF will have a meeting for the visitors that evening.  

For departure, members of the site review team will be busy until about 6 pm on June 5.  This last scheduled event will be at El Verde Field Station, about 50 minutes from the airport.  

Hotel and field station
On the night of June 3 the site review group will stay at the Embassy Suites Hotel, near the airport in San Juan.  The hotel number is 787-791-0505.  The reservation number for the group is #6357098.  Ms. Marisabel Vega, in the Sales Department, is our contact at the hotel.  You will need to check out of the hotel by 7:30 am on the morning of June 4.  

For the nights of June 4 and 5 you will be staying at El Verde Field Station, in the Luquillo Mountains.  You will occupy four apartments there.  Each apartment has two bedrooms, bath, and kitchen.  The apartments are equipped with sheets, blankets, towels, kitchen gear, and so on.

Local travel

On the morning of June 4 you will be picked up from the hotel at 7:30.  The hotel has a buffet breakfast beginning at 6:30 am.  During your visit the group will travel in vans, accompanied by Luquillo LTER researchers.  We will drive you from the field station to the airport on the evening of June 5 or the morning of June 6, depending on your flight schedule.
Billing

NSF is giving you a per diem and has instructed the Luquillo LTER program to bill you for the meals we provide.  We will calculate each person's share of meals provided and present you with a bill while you are here.  Thank you for your cooperation.

Meeting sites


You will meet at three sites: the International Institute of Tropical Forestry (USDA), in San Juan; at El Verde Field Station (University of Puerto Rico) and an annex to the field station known as the Stream House, in El Yunque National Forest (= Luquillo Experimental Forest in Map 1).  You will meet to write your report at the station, which has full wireless access. 
Field trips

On the field trip in the morning of June 4 you will be driven to two sites on rivers.  There will be little walking.  That afternoon you will walk about ¾ of mile in the forest.  This is a subtropical wet forest.  It will be humid and warm, and it may rain.  Trails are slippery.  Insects are not a problem.  We suggest that you bring sturdy shoes (you can manage with good running shoes), rain gear or umbrella, and long pants.  One light shirt layer is enough.  You may want another layer for the evening.  As you are staying at the field station, you can explore the forest at other times.  We will lead an optional night walk into the forest.  Bring a flashlight if you want to see the forest at night.  Remember the rain gear or umbrella.  
Questions

If you have questions please write or call Nick Brokaw: <nbrokaw@lternet.edu>; 787 764-000, ext 1-4940-# (office); 787 226-9054 (cell).  
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INTRODUCTION
Tropical environments are changing fast due to deforestation and regrowth, urbanization, climate change, and other forces.  The consequences are immense for biodiversity, global climate, and the whole array of ecosystem services people require.  The Luquillo Long-Term Ecological Research Program (Luquillo LTER) is tackling these issues in Puerto Rico and extending its relevance to the Caribbean and beyond.  In this overview of Luquillo LTER we will tell you how the program has evolved and where it is heading.  We will focus mainly on the present phase of the program, with a glance to the past and a view toward the future.  Our discussion will include our education and outreach programs.  An important feature of the Luquillo LTER story is the many ways it has been a platform or synergetic partner for other programs.  
Luquillo LTER has undergone a logical evolution (Fig. 1, on the title page).  We began with work including the core studies undertaken by all LTER sites (see proposal: http://luq.lternet.edu/2009Review/index.html) and a focus on natural, cyclic disturbance and response, for example:  hurricane disturbance and ecosystem response.  The importance of humans in the ecosystem had been obvious, so in the next phase we added study of human disturbance, directional (not reversible) change in the ecosystem, and the consequences for ecosystem services.  The main question of the current Luquillo LTER program is:  

How do changes in disturbance regime and climate alter biogeochemical cycles, biotic structure, and ecosystem services in the Luquillo Mountains and northeastern Puerto Rico?
In the future phase we will add studies of coupled natural-human systems, explicitly incorporating human activity into the research.  
LUQUILLO LTER IN THE PAST
Ecological research in the Luquillo Mountains began in the 1940s, when Frank Wadsworth of the US Forest Service established plots to study forest dynamics.  In the 1960s H. T. Odum led “The Rainforest Project”, studying systems ecology and the effects of radiation, while amassing much other ecological information.  Luquillo LTER 1 (1988-1994) began with an emphasis on natural disturbance and response, including hurricanes, landslides, droughts and other perturbations (Fig. 1, on title page).  We benefited from a large natural experiment: a strong hurricane that occurred in 1989 after we had gathered much pre-hurricane data (Walker et al. 1991).  We also consolidated our understanding of trophic relations during this period, later publishing the fullest account to date of a tropical forest food web (Reagan & Waide 1996).  During Luquillo LTER 2 (1994-2000) we observed long-term responses to natural disturbance (Walker et al. 1996a), synthesized part of our work (Lugo & Lowe 1995), and began study of human disturbance (e.g., Zimmerman et al. 1995).  In particular, we capitalized on repeated hurricanes to understand ecosystem response (Fig. 2) at multiple elevations (Walker et al. 1996b) and traced the history of environmental change due to humans (Thomlinson, et al. 1996).  In Luquillo LTER 3 (2000-2006) we continued research on natural and human disturbance (Thompson et al. 2002, Pringle 1997) and began a large-scale field experiment to investigate impacts of repeated hurricane damage (see below).  
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Figure 2 – Categories of response to Hurricane Hugo, illustrating natural, cyclic disturbance and response (Zimmerman et al. 1996).  Resilience varies according to the response variable.
A synthesis observations and experiments through hurricane and drought events during the first three phases of Luquillo LTER showed that ecosystem processes, such as plant growth and decomposition rates, recovered faster than ecosystem structure, such as foliage and fine root biomass (Beard et al. 2005).  Resistance and resilience of the measured response variables depended on the type (hurricane or drought) and intensity of disturbance.  Lastly, site-specific land-use legacies were more important than natural disturbance in determining nutrient availability.  These results underlined the need to continue our studies of the cumulative effects of repeated disturbances on ecosystem processes, particularly interactions among natural and human disturbances, in order to foresee the consequences of changing disturbance regimes in Puerto Rico and other areas.
LUQUILLO LTER IN THE PRESENT


Earlier phases of research continue and inform the work of later phases (Fig. 1, Title page).  Thus we continue to study natural, cyclic disturbance.  The impacts of natural disturbance and the patterns of response reveal the mechanisms that shape ecosystems.  We need that baseline knowledge we began to assemble in the first phase of Luquillo LTER in order to begin understanding the directional change we study in the present phase.
Two kinds of change are strongly evident, or potentially so, in northeastern Puerto Rico.  First is land use (Fig. 3).  In the past 500 years the island has gone from near total forest cover before Europeans arrived, to near total deforestation, to about one third forest today, reflecting socio-economic trends.  More recently, the northeast of the island is becoming urbanized, around the Luquillo Mountains, site of Luquillo LTER.  The second kind of change is climate change.  Locally, deforestation in the lowlands is reducing rainfall in the mountains, while global climate change is predicted to bring more frequent and intense hurricanes to Puerto Rico.  


How does this tropical ecosystem respond to these changes?  What are the mechanisms that resist or abet change?  These are the important ecological questions.  If we can answer them we can manage land, water, and biological resources that are at risk.  This setting of change in Puerto Rico, combined with the scientific and educational infrastructure of Luquillo LTER, makes Puerto Rico an ideal laboratory for pursuing the goal of our program. 
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Figure 3 – Changes in land cover in Puerto Rico, illustrating directional environmental change due to human activity.  Forest cover declined greatly, recovered with the abandonment of agriculture, and leveled off due to urbanization. 

Conceptual Framework of Luquillo LTER
The conceptual framework currently guiding Luquillo LTER builds on our core focus on disturbance and response by adding new projects on regional change and ecosystem services.  Our reasoning is as follows:
1. Disturbance is a fundamental component shaping the climatic, biotic, and biogeochemical characteristics of the Luquillo Mountains.

2. Models predict that the frequency and intensity of hurricane disturbance are changing in the Luquillo Mountains.  Both models and empirical data also suggest that rainfall and temperature are changing in the Luquillo Mountains.  

3. The drivers of these changes are regional and global climate change and human land-uses (deforestation, afforestation, urbanization). 

4. The responses to changes in the disturbance regime and climate will be expressed as changes in biotic structure and biogeochemistry.

5. These changes will result in new ecosystems characterized by new species compositions and will likely alter structures, biogeochemistry, and ecosystem services in northeastern Puerto Rico.

Evidence suggests that increasing hurricane intensity, declining rainfall in the mountains, and rising temperature in urbanized areas nearby will have significant effects on the ecosystems of the Luquillo Mountains.  It is these apparent trends and the framework above that generates the main question of Luquillo LTER:  

How do changes in disturbance regime [including land use] and climate alter biogeochemical cycles, biotic structure, and ecosystem services in the Luquillo Mountains and northeastern Puerto Rico?
This main question leads to three specific questions addressing key elements of our long-term conceptual framework and to nine hypotheses addressing these elements (Table 1). 
I.  What controls variation in C and nutrient fluxes, and how are these variations modified by disturbance?  Many ecosystem processes in the Luquillo Mountains exhibit well-defined seasonality and links to climate.  Understanding these relationships is essential for determining the sensitivity of tropical forest biota and biogeochemical cycling to climatic and environmental change.  This question and associated hypotheses focus on how climate and disturbance history affect inter- and intra-annual variation in carbon and nutrient fluxes in the Luquillo Mountains.  II.  Are changes in temperature, rainfall, light and wind (climate) along the Luquillo elevation gradient sufficient to explain variation in biogeochemical processes and biotic structure?  We are studying linear and non-linear trends in climate with elevation in the Luquillo Mountains as drivers of ecosystem processes and the distribution of organisms.  By improving our understanding of the importance of biotic and abiotic factors in determining the distribution of organisms over spatial gradients in tropical mountains, we increase our ability to understand the effects of environmental change on biogeochemical processes and biotic structure.  
III.  How important are changes in land-use in determining long-term ecosystem biogeochemistry, biotic structure, and services?  Land-use and land-cover are changing dramatically in northeastern Puerto Rico in response to socioeconomic changes.  We are examining the long-term effects of land-use and land-cover change on a range of ecosystem features, including regional and local climate, tree species composition in forests, stream ecology, and a key ecosystem service and product: the delivery of clean water for humans. 

	Table 1  (  Questions and hypotheses of LTER 4.  See appendices for updates on most hypotheses listed below.

	QUESTION I   (  What controls variation in C and nutrient fluxes, and how are these variations modified by disturbance?

	Hypothesis 1.   Intra-annual patterns in rainfall or temperature drive temporal patterns in litterfall, litter decomposition, soil respiration, and losses of nutrients and dissolved organic matter (DOM).  Appendix 1

	Hypothesis 2.   Conditioning and transport of litter is controlled by extreme weather events.  Appendix 2

	QUESTION II  (  Are climatic changes in temperature, rainfall, and light along the Luquillo Mountains elevation gradient sufficient to explain variation in biogeochemical processes and biotic structure?  

	Hypothesis 3.   Litter, soil organic matter (SOM), and DOM fluxes can be explained by a combination of rainfall and temperature variation along the elevation gradient.  Appendix 3

	Hypothesis 4.   Distributions of organisms over the elevation gradient cannot be predicted solely by abiotic characteristics.  

	Hypothesis 5.   Resistance and resilience do not vary between high and low elevation forests.   Appendix 5

	QUESTION III  (  How important are changes in land-use in determining long-term ecosystem biogeochemistry, biotic structure, and services?

	Hypothesis 6.   Urbanization and changes in land-cover have a greater influence on local climate and ecosystem processes than regional or global climatic patterns.  

	Hypothesis 7.   Increasing intensity of land-use selects tree species with particular life histories and creates new forest ecosystems.  Appendix 6

	Hypothesis 8.   Urbanization in a watershed controls the magnitude and variability of in-stream metabolism, detrital processing, energy flow within food webs, and dissolved inorganic N exports.  Appendix 7

	Hypothesis 9.   Over the past 20 years the quantity of ecosystem products removed from the Luquillo Mountains has increased while the ecosystem processes supplying those products have been altered.  Appendix 8


We locate the three specific questions in the appropriate places (shown in red) in a systems diagram (Fig. 4) to indicate where we are focusing our present efforts in Luquillo LTER.  Studies of other elements of the conceptual framework will be addressed in future phases, as discussed below.   
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Luquillo LTER Research Approaches
A large part of our research takes place in El Verde Research Area and the Bisley Experimental Watersheds in the tabonuco forest zone (c. 200-600 m asl) of the Luquillo Mountains (see Maps).  Other studies are located along the elevation gradient (sea level to 1100 m) and in the lowlands between the mountains and San Juan.  We apply a set of complementary research approaches in our investigations: 1) maintaining long-term experiments and measurements in mid-elevation tabonuco forest, 2) applying our conceptual understanding of tabonuco forest to a comparative analysis of forest communities higher along an elevation gradient, 3) initiating new measurements to characterize aspects of the gradient from forest to urban ecosystems, and 4) consolidating our knowledge through synthesis and modeling.  
1)  Long-term experiments and measurements  –  The core of Luquillo LTER is a series of long-term measurements of environmental, biotic, and system properties designed to reveal the relationships between disturbance and response in the Luquillo Mountains (see proposal).  Chief among the long-term measurements is the Luquillo Forest Dynamics Plot (LFDP).  Long-term plot studies of plants in forest ecosystems support research on: 1) long-term plant community dynamics in response to multiple disturbances (hurricanes, drought, past land-use), 2) niche and life-history characteristics, 3) species diversity and community organization, 4) forest biomass and architecture, and 5) animals and other groups.  The LFDP covers 16 ha of tabonuco forest in which c. 70,000 woody plant stems ( 1.0 cm dbh are studied through time.  This large plot is needed to study community ecology in a forest where species richness and the number of rare species are high, in order to include a full community and to study it at the scale on which mechanisms promoting species diversity and coexistence are thought to occur.  Luquillo LTER also includes long-term study plots in the Bisley Experimental Watersheds and along the elevation gradient in the Luquillo Mountains.
Chief among the long-term experiments is the Canopy Trimming Experiment (CTE).  Hurricanes remove plant biomass from the forest canopy and deposit it as detritus on the forest floor, which in turn alters a range of biotic and biogeochemical processes.  The CTE will help distinguish the effects of microclimate, detrital inputs, and different functional groups of decomposers in detrital processing and ecosystem resilience after hurricanes.  The CTE will also assess the effects of a possible increase in hurricane frequency and evaluate long-term predictions of the CENTURY model of soil organic matter accumulation and nutrient dynamics, as parameterized for the tabonuco forest (Sanford et al. 1991).  The experiment includes four treatments in each of three blocks.  To simulate an increased frequency of hurricanes the treatments will be repeated every six years to at least 18 years total.  Each treatment covers a 30 x 30 m area, and these include: 1) canopy trimmed, with trimmed biomass distributed on the forest floor, simulating changes in microclimate and redistribution of biomass, 2) canopy trimmed, with trimmed biomass removed from the plot, simulating changes in microclimate created by the hurricane but without the associated redistribution of biomass, 3) canopy not trimmed, but canopy biomass from a trimmed plot distributed on the forest floor, simulating the changes in redistribution of biomass created by the hurricane but without the associated change in microclimate, 4) canopy not trimmed and no canopy biomass added to forest floor, as a control.  Measurements in the CTE plots began one year before treatments were applied and will continue for the duration of the experiment at variable intervals.  Measurements include microclimate, soil nutrients, trace gas fluxes, microbial communities, litter inputs and decomposition, and plant and animal community dynamics

Comparative analyses  –  We seek to link our conceptual understanding of tabonuco forest derived from long-term experiments and measurements with knowledge of changes in disturbance patterns and driving variables along an elevation gradient in the Luquillo Mountains.  The Luquillo Mountains, ranging  from sea level to 1075 m, present a gradient of climate and vegetation change that extends through five life zones (subtropical moist forest to lower montane rain forest, Map 2).  In addition to tabonuco forest, these life zones include colorado forest (600-900 m asl), elfin forest (900-1075 m asl), and palm forest (edaphic formation at all elevations).  By comparing emergent ecosystem properties along this gradient, we focus on general properties that underlie the dynamics of ecosystems. 
Gradients from forest to urban ecosystems  (  The 23-km distance from the fully protected, 11,000-ha Luquillo Experimental Forest (congruent with El Yunque National Forest, a U.S. National Forest) in the Luquillo Mountains to the center of San Juan, a city of 1.3 million, represents a steep gradient of land-use, as San Juan expands up against the mountains.  Previous research on land-use conducted provides us with the understanding to project future land-use scenarios during the next century (Thomlinson et al. 1996).  In LTER 4, we have established studies along this gradient.  By measuring key variables and processes along this spatial gradient, we will gain sufficient understanding to build an integrated model of how changes in climate and land-use are likely to affect tropical ecosystems more generally.
Synthesis and modeling  –  Our approaches to synthesis include working groups focused on specific research agendas, implementation of new analytical approaches to existing data, and simulation modeling (Table 2).  The Trophic Interaction Model (TIM) captures the relationships between biotic interactions and material flows within an ecosystem, and it links forests and streams.  CENTURY is an ecosystem model that we have adapted for use over the entire Luquillo Mountains landscape (CENTURY-L; Wang &  Hall 2004).  We also adapted forest simulation model to tabonuco forest (SORTIE-PR; Uriarte et al. 2004).  

Table 2  (  Luquillo LTER spans scales from ecosystem processes within tabonuco forest to coupled forest-urban ecosystems in northeastern Puerto Rico.  A conceptual framework at each level of investigation provides a link to appropriately-scaled analytical and simulation models.  At the scale of tabonuco forest, material flows in terrestrial and aquatic habitats are strongly driven by abiotic (e.g., the quantity of water moving through the systems) and biotic (e.g., litter quality) properties.  Changes in forested ecosystems within the Luquillo Mountains are related to disturbance patterns and frequency interacting with elevation changes in local climate and species composition.  In northeastern Puerto Rico, regional changes in land-use/land-cover (especially increasing urbanization), coupled with globally-driven changes in climate (e.g., hurricane intensity) and atmospheric deposition affect hydrologic and biogeochemical cycles and the ecosystem services they provide.  

	Scale


	Conceptual Framework


	Modeling Framework



	Coupled forest-urban ecosystems


	Regional relationships 

	Models under development



	Forest zones of

the Luquillo Mountains


	Landscape relationships 

	CENTURY-L

Metacommunity model



	Tabonuco forest


	Material flow relationships


	CENTURY

SORTIE-PR

Trophic Interaction Model (TIM)


Terrestrial and aquatic research
A final point is that Luquillo LTER is strengthened by having both terrestrial and aquatic components that reinforce each other.  In both components the research approach (long-term observation, experiment, synthesis) and themes (disturbance and response, detrital dynamics) are similar.  Of course terrestrial and stream systems interact, a subject of current research.  

Cross-site, LTER Network, and international research
As the only tropical, terrestrial LTER site, Luquillo LTER plays a valuable role in cross-site comparisons within the LTER network and with other tropical sites.  Examples include the Long-term Intersite Decomposition Experiment (LIDET) and the Lotic Intersite Nitrogen Experiment (LINX, Merriam et al. 2002).  Other ecosystem comparisons have included primary production (Clark et al. 2001), stream metabolism (Mulholland et al. 2002), stream microbial biomass (Findlay et al. 2002), and a study showing that nitrous oxide fluxes increase with temperature and moisture along a latitudinal gradient (Silver, in prep.).  Luquillo LTER maintains one of 15 sites in the Center for Tropical Forest Science (Smithsonian Institution) network of large, long-term forest plots (Losos & Leigh 2004).  This range of cross-site work underlines the importance of a site with a warm, wet environment and a diverse biota in establishing the core principles underlying ecosystem processes.

LUQUILLO LTER IN THE FUTURE


While Luquillo LTER continues studies of natural disturbance, along with human disturbance and directional change, we are moving in two directions:  toward research in socio-ecological systems (Fig. 1, title page) and toward increased regional and network level research.  
Socio-Ecological Systems

The move toward study of socio-ecological systems was, in fact, foreseen in a prescient Biocomplexity project on streams and roads in the Luquillo Mountains, a project conducted by scientists in Luquillo LTER and others.  The current effort springs largely from “The Decadal Plan for LTER: Integrated Science for Society and the Environment” and its well-known conceptual framework is illustrated in Figure 5.  
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Figure 5 – Conceptual model for study of socio-ecological systems, and example from Luquillo LTER.   The model shows feedback loops between bio-physical and human systems.  Questions (Q1, Q2, etc.) are posed about processes linking compartments. 

We are striving to implement this work via projects allied with Luquillo LTER but funded separately.  Our first success is a funded IGERT program (Integrative Graduate Education, Research and Training) written mainly by Luquillo LTER scientists and based at the University of Puerto Rico.  The theme of the IGERT is Natural-Human Systems in the Urbanizing Tropics.  The grant will support 12 graduate students working in this field in the years 2008-2012.  
Luquillo LTER has an important role in a developing ULTRA-Ex proposal (Urban Long-Term Area Exploratory Research) aiming to focus research on San Juan.  The provisional research question for the San Juan ULTRS-Ex is:  What is the long term relationship between biophysical and social networks on system vulnerability and governance in San Juan?  Also, two of our Luquillo LTER scientists (Zimmerman, Uriarte) submitted a proposal to the program Dynamics of Coupled Natural and Human Systems at NSF to look a the connection between landscape features and governance in the municipalities (~ counties) in Puerto Rico.  
The funded IGERT and these other efforts illustrate how LTER serves as a platform for complementary research.  IGERT, ULTRA, and the proposal just described are, to a large extent, offspring of Luquillo LTER.

Regional and Network-Level Research
Luquillo LTER cross-site work was described above.  While we maintain cross-site work, our efforts toward regional and LTER Network-Level research increase.   In December 2008 a Luquillo LTER scientist led an effort to coordinate research on socio-ecological systems (see white paper at: http://luq.lternet.edu/2009Review/index.html.  In January 2009 we organized a meeting of scientists from the U.S., Caribbean, and Mexico to coordinate research on hurricane impacts a regional scale.  Luquillo LTER is closely involved in the NEON effort in Puerto Rico. 
SYNTHESIS

The Luquillo LTER synthesis book is in final stages of editing.  We expect to send final copy to Oxford University Press in the summer of 2009.  Chapters can be viewed at http://luq.lternet.edu/2009Review/index.html.  
A synthesis paper on landslides is in press in BioScience (Restrepo et al. in press), and several of the appendices in this document represent current efforts toward publishing synthetic accounts of our research (Appendices 1, 3, 5, 6, 8).  
LUQUILLO LTER EDUCATION AND OUTREACH 

Leadership
Dr. Steven McGee, an educational researcher and President of The Learning Partnership, serves as the education coordinator for Luquillo LTER.  He coordinates Luquillo LTER education activities with Jorge Ortiz-Zayas at ITES and Ariel Lugo at IITF. Since 2008, the Schoolyard program has also been supported by Rafael Benítez Joubert, a graduate student serving as a science mentor for the Schoolyard teachers.

Schoolyard LTER

During LTER 4 we have continued our close relationship with three rural high schools. The work in LTER 4 builds on nearly 20 years of collaboration with the US Forest Service and the University of Puerto Rico to promote K-12 curriculum development in science and mathematics throughout Puerto Rico. Teachers and students from each of these schools have established long-term plots near their schools.  In some schools, the outcomes of these investigations have led to teachers producing peer-reviewed journal articles (Acta Científica.  Vol. 13. 1999). The primary focus of activity during Luquillo LTER 4 has been to institutionalize the support for Schoolyard LTER at the school level. We have developed a cycle in which teachers and students participate in a weekend institute at El Verde in November to learn measurement techniques, conduct similar investigations at their school site, and present their findings at a symposium at UPR in the spring.

Schoolyard Institute - We conducted the first weekend institute from November 17-20, 2006. The Luquillo LTER Schoolyard program hosted 30 high school students and 4 high school teachers from three Schoolyard schools. The institute took place at the El Verde field station. The students were trained on two protocols – tree census and limnology. Researchers from Luquillo worked with the students to identify tree species and determine dbh for all the trees in a set plot. For the limnology protocol, students examined a number of hydrological and water quality characteristics of a cross section of a stream near the El Verde station. Students also identified macroinvertebrates found in the stream. Student teams developed presentations of their results for researchers at Luquillo. In addition to the hands-on activities, the students heard lectures from renowned scientists such as Dr. Ariel Lugo and Dr. Frank Wadsworth. 

On May 17, 2008, we made plans for the second schoolyard institute. The teachers traveled to UPR to plan the investigations students would conduct the following year. From November 21-23 we once again hosted 20 students and three teachers. The Forest Service marked a permanent plot for the institute. Students measured dbh. Future institutes can add to the dataset to create a long-term dataset. The students repeated the limnology measurements. On May 6th, 2009, we will host project teams from each school to present the results of their year long research at their school.

Schoolyard GPS - As part of the 2006 Schoolyard Institute, the students participated in a multimedia GPS activity. Each student was loaned a handheld GPS device and a digital camera. They received training on the devices and were given opportunities to practice using the devices. The students took the devices with them to their school and took pictures around their school and around their neighborhood. For each picture they recorded the GPS location. The Learning Partnership processed the images and GPS locations on to a GIS map using My World. This served as baseline data for ongoing schoolyard protocol to examine land use changes using GIS software.

On March 27 2007, supported by the Computer Learning Centers, teams of students set out on a learning experience rich in knowledge, community service, technology and fun in Culebra, Puerto Rico.  This initiative resulted from students’ concern about their beaches. The students of the Antonio R. Barceló High School, wanted to do a “cleanup project” on Flamenco Beach.  Fifty-nine students participated in what was a cultural and environmental awareness encounter.  These twenty one boys and twenty seven girls were involved in activities using technology devices which helped them get information that could be used for their classroom assignments in the areas of Science, Math and Social Studies. We were also assisted by thirteen college students who volunteered their time in the cleanup. The Global Positioning System (GPS) was one of the devices used by the students in the cleanup activity.  GPS has become a widely used aid to navigation worldwide, and a useful tool for map-making, land surveying, commerce, and scientific uses. GPS also provides a precise time reference used in many applications including scientific study of earthquakes, and synchronization of telecommunications.  This valuable information acquired and used at the beach cleanup activity enabled students to expand their knowledge and become familiar with the use of new technologies. Students took pictures of the sites for which they were measuring with the GPS devices. These pictures were uploaded to a web mapping site called Panoramio. Finally, the students participated in a treasure hunt activity using the GPS units.  
Journey to El Yunque

With funding from NSF’s IMD program, Luquillo LTER researchers have supported the development of a four-week bilingual middle school curriculum unit called Journey to El Yunque (see http://elyunque.net/journey.html). Students use Luquillo data to investigate the effects of Hurricane Hugo and Hurricane Georges on El Yunque and consider the long-term implications of increased hurricane activity. Over 30 teachers in the U.S. have been trained on Journey to El Yunque. A summative evaluation of the program demonstrated that students using Journey to El Yunque perform better on state ecological test items than students using traditional textbooks.  With funding from the Puerto Rico Department of Education, the Journey to El Yunque program has expanded to include literacy activities for elementary students and activities with productivity tools for high school students. In summer 2005, Computer Learning Center provided training to over 900 Puerto Rican K-12 teachers. Over 500 of those teachers returned for a follow-up event at the end of October. The web site is undergoing a major revision to update the interface and activities.
The Ecoplexity Project

Since 2006 the Luquillo LTER has been participating in the Teaching Ecosystem Complexity through Field Science Inquiry Project (Ecoplexity Project) sponsored by the NSF-Teacher Professional Continuum Program.  This project has the intention of developing teaching tools to improve teacher understanding of terrestrial ecosystems structure and function.  Through this project, field research protocols were published at www.ecoplexity.org (both in English and Spanish) and over five workshops have been conducted with over 15 science teachers from different high schools in Puerto Rico.  In the workshops, teachers tested the field protocols and started ecological projects in the classrooms.  This coming summer, we plan to conduct a two-week workshop in which teachers from Puerto Rico and Oregon will exchange research sites to investigate how climates shapes forested ecosystems.

RET Program

Through an application process, Zamaria Rocio, a middle school teacher from San Diego,  was accepted into the Luquillo RET program as a representative of the Journey to El Yunque project. From July 29 to Aug 27, 2007, she participated in a variety of research activities. She gained exposure to the variety of Luquillo research. 

Graduate and Undergraduate Education
Luquillo LTER has succeeded at incorporating graduate and undergraduate students in research at our site and at participating institutions on the mainland.  UPR has had a site REU at El Verde Field Station for six years, which is currently up for renewal.  One-half of the students participating during the last three years of funding have been Puerto Rican.  The REU program is part of a long-term effort at Luquillo LTER to incorporate more Puerto Rican students in graduate research—an issue Luquillo LTER has recognized for some time.  The new IGERT program (see above) was largely written by Luquillo LTER scientists and will significantly increase the numbers of Puerto Rican graduate students associated with Luquillo LTER.  
Network Level

Dr. McGee contributed to the revision of the LTER Education Handbook released fall 2005. He was also involved in planning and facilitating several sessions at the education meeting during the ASM 2006. These activities have laid the foundation for greater collaboration among the education activities across the LTER network.

Outreach
Since 2000, the Luquillo Mountains have been included in the HELP Program (http://www.luquillohelp.upr.edu), a global network of catchments aimed at improving the linkages between hydrology and society.  HELP is sponsored by the UNESCO and the World Meteorological Organization.  The Luquillo HELP Project represents Puerto Rico in the Global Water Partnership, an international organization that promotes integrated water resources management around the globe.  Through this project, Puerto Rico has maintained an active role in the El Yunque region and in the Caribbean.  Several town meetings were held between federal, state and municipal authorities, non-governmental community groups and universities to discuss water-related problems to propose solutions and identify future research needs.  Nationally, scientists participating in the HELP project had also contributed to the development of the Puerto Rico Water Plan and to the development of environmental flow criteria for rivers in Puerto Rico.  

To improve dissemination aquatic research findings in the Luquillo Mountains, the University of Georgia, the University of Puerto Rico, and the US Forest Service have been developing educational posters.  Electronic versions of these posters can be accessed at http://www.arches.uga.edu/~cpringle/EnvOutTools.html.  “El Yunque and Water” is a colorful poster with vivid examples of how human water needs should be in balance with the water needs of ecosystems.  The poster “A tropical stream continuum: protect our native plants and animals” represents how the River Continuum Concept (Vannote et al. 1980)  applies to a densely populated island such as Puerto Rico stressing the impact of low head dams on migratory aquatic fauna.

LUQUILLO LTER INFORMATION MANAGEMENT  

Luquillo LTER 2009 review 
Information Management Report
April 17, 2009

Highlights:

· Published data sets. The current number of online data sets is 119, 38 of which are long-term. See Catalog arranged by categories and long-term/completed list:

http://luq.lternet.edu/data/databasesbycategory.html#Index 


· IM Design and Implementation. The Luquillo Information Management System (LUQ IMS) is evolving to meet the needs of the current demands of the scientific community in this decade of synthesis. Two main additions to the Luquillo LTER are being developed that will hopefully be in place for the summer just in time for the review: 

· A new web site whose back end is Drupal, a is a free and open source modular framework and Content Management System (CMS) that holds every information in a MYSQL data base, facilitating the searching capabilities for all the information in the web site.

· An EML-based online metadata database that provides the database infrastructure needed in a web site to provide quicker and more comprehensive searches giving speedier access to the ecological data published in the site. This infrastructure is designed with innovating features that will give new and special characteristics to the site.  These are described in the following section.


· A Common Information Management Framework for the decade of synthesis and Cyberinfrastructure.
· A metadata based web site and Information Management tool - Scripts were developed by an LNO staff member to migrate to and from EML packages to a MYSQL database. The web site thus becomes a tool for Information Management to manage the ecological metadata.

· A Level 5 QC EML - The metadata is not only based on a Level 5 EML (i.e. attributes are well defined in the database) but that it has gone through a thorough process of QC. The result is that web services can interact with the site’s database to obtain specific data sets containing specific attributes.

· A local vocabulary based common information management system  (Vocabulary based Data Model)-  With a locally-developed vocabulary of keywords and the natural relationships among data bases, a connection of all the basic elements of the Luquillo LTER common data management mainframe (bibliography, personnel data, ecological data and metadata) was achieved for the site. By incorporating vocabulary (keywords associated with the basic elements of the framework) and utilizing the natural relations between these different elements, a data model that allows retrieval of similar or related data was developed.  Figure 6 below provides a visualization of this framework.

· Figure 6. New web site concept and infrastructure
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· A synthesis and cross-site project – The Luquillo LTER Information Manager, Eda C. Melendez, worked hand in hand with Inigo SanGil and Marsh White, of the LTER Network Office in the conceptualization, development and implementation of this innovative web site. The idea of an interactive, data-based and quickly searchable web site using Drupal was conceived and implemented by M. White. I. San Gil conceived the idea of developing a vocabulary based search engine that connects all the elements of the framework and provides the web user with not only the exact data set(s)  they are looking for but also with other relevant and related information (data sets and publications). E. Melendez generated all the necessary  vocabulary and tables needed for the implementation of the web site and its searching capabilities; she also connected this idea and further developed the concept indirectly described in this report of a new  Common Information Management Framework (Melendez and Baker, 2002; Melendez, 2000)  for the decade of synthesis and Cyberinfrastructure.

· Nested web sites for the Luquillo LTER community. Three sub-web sites have been established for different sectors of the scientific community, plus two special projects web pages. The idea was to provide a specialized cyber area for several groups of the scientific community where they can share their documents and work . Table 3 displays title, description, and URL for each of these sub web sites.

Table 3 -  LUQ LTER Sub-Web sites.

	Group/Project
	Description
	URL

	Special scientific groups’  projects Plone site. 

	A private site giving accounts to the Luquillo LTER scientific community. Some pages are shared by the whole community, others are private for the specific group members. The sites are:

· LUQ LTER PDF Publications List 

· LUQ LTER Canopy Trimming Experiment 
· LUQ LTER 2006 Synthesis Book
· LUQ LTER Long Term Data Sets
· LUQ LTER Schoolyard
	http://www.ites.upr.edu:8081/itesplone/


	Luquillo LTER Schoolyard web site
	A web site to publish data and project documents, data, and results for all the program’s participant schools.
	http://luq.lternet.edu/outreach/schoolyard/index.html 

	First Luquillo LTER Schoolyard Internship on November 2006
	A  web site containing photos, data, metadata, results and presentations generated at the first internship. A second one is under construction for the 2008 one.
	http://luq.lternet.edu/outreach/schoolyard/Activities/2006Internship/InternshipMain.html 

	Community Elementary School Project: IM and Remote Sensing 2001
	A web site containing the data collected at the Colegio Creativo’s school yard including the GIS level containing the position of the trees.
	http://luq.lternet.edu/outreach/IMRemoteSensingandSchoolComm.htm 

	Luquillo LTER Graduate student’s web site.
	At the moment it consists of a web form that have been completed remotely online by the students containing their thesis project are of investigation, contact information, etc. All this data will be databased and a web page will be designed for the access an d display of this data.
	http://luq.lternet.edu/people/StudentdPers/PersonalDataEntryForm.html 
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APPENDIX 1:  REPORT ON THE CANOPY TRIMMING EXPERIMENT
Contributors:  S. Cantrell, D. Garca, G. Gonzlez, D.J. Lodge, W. McDowell, A. Ramirez, B. Richardson, M. Richardson, A. Shiels, T. Schowalter, W.L. Silver, and J. Zimmerman.
Compiled by W. L. Silver

Question I − What controls variation in carbon and nutrient fluxes, and how are these variations modified by disturbance?

Hypothesis 1.  We hypothesize that intra-annual patterns in rainfall or temperature drive temporal patterns in litterfall, litter decomposition, soil respiration, and losses of nutrients and dissolved organic matter (DOM). Disturbance alters the intra-annual patterns in litterfall, soil respiration, and DOM and nutrient losses independently of rainfall and/or temperature ().

Humid tropical forests are characterized by warm temperatures and abundant rainfall throughout the year, and are often referred to as aseasonal environments. However, ecosystem processes in tropical forests can respond to subtle changes in rainfall and temperature. Understanding and quantifying the sensitivity of tropical forest biota and biogeochemical cycling to climate is essential to determine how these ecosystems will respond to environmental changes. This is particularly important in the context of disturbance, which can alter the direction and magnitude of ecosystem sensitivity to climate. 
To test this hypothesis, we have been sampling biota and biogeochemical processes for seven years in the Tabonuco forest zone of the Luquillo Experimental Forest. The control treatment is compared with a hurricane simulation (Canopy Trimming Experiment) consisting of three additional treatments: canopy trimming with litter dropped in situ (Trim+Detritus), canopy trimming with litter removed to separate the impact of canopy disturbance from detrital inputs (Trim-Detritus), and closed canopy with detrital addition to determine the impact of detrital inputs in the absence of canopy trimming (Control+Detritus). Treatments were established in three randomized complete blocks. Pretreatment data were collected from Oct. 2002 to Oct. 2004. Canopy trimming and litter manipulations were conducted between Oct. 2004 and June 2005, lasting two to three months per block. 

Micrometeorological data have been collected as part of the Canopy Trimming Experiment (CTE) since 2003 in each of the 12 CTE plots. We are monitoring air and soil temperature, soil moisture, and photosynthetic active radiation (PAR). Air temperature ranged from 17 to 29 ºC. Annual fluctuations show a clear seasonal pattern with the lowest temperatures from Nov to Feb and maximum temperature during the summer months. Soil temperature over the year ranges from 18 to 30 ºC.  Annual fluctuations show the same seasonal pattern observed for air temperature with maximum temperature during summer. Canopy trimming increased the difference between maximum and minimum daily air and soil temperatures for the trimmed plots relative to control plots and also relative to those same plots before the trimming. Detritus removal or addition did not have major effects on air temperature. Soil moisture fluctuations over the year were large, with several periods of soil saturation. The Trim-Detritus treatment generally increased soil moisture . Instantaneous PAR averaged from <10 to >800 µm.  As these are instantaneous values, fluctuations are large depending on canopy cover. Canopy trimming resulted in larger differences between maximum and minimum daily average PAR for the trimmed plots only. As expected, detritus manipulations had no effects on PAR.  

Below we highlight some of the key biotic and biogeochemical results to date.

1. Biota
Invertebrates (B. Richardson, M. L. Richardson, Gonzalez, Schowalter)

The effects of canopy trimming and debris deposition on invertebrate forest floor litter communities were separated using a litterbag experiment over a 19 month period. Canopy trimming significantly reduced invertebrate diversity and biomass. Diversity was reduced most in plots with simultaneous canopy trimming and debris deposition. Individual taxa responded differently to canopy trimming, resulting in community differences between trimmed and untrimmed plots, but no overall effect on abundances. Most taxa were less abundant in trimmed plots, but mites and collembola responded positively and were the most abundant organisms. These differences in animal community composition were coincident with changes in fungal community composition and litter moisture found in a parallel study. 

Canopy trimming and debris deposition explained most of the variation among sites. Abundance declined as litter decayed, and seasonal effects on abundance were observed. Diversity increased during litter colonization; mites became relatively less abundant and community evenness increased with time. Canopy opening resulted in increased throughfall, increased soil moisture, decreased litter moisture and higher light levels. Of these, only throughfall and soil moisture had returned to control levels 9 months after trimming. Effects of trimming on diversity, biomass and abundance of some invertebrate taxa were still observable until observations finished at 19 months. This suggests that disturbance has a long lasting effect on litter invertebrate communities, and may affect detrital processing at least until canopy closure is complete. 

Microbial communities (Cantrell, Lodge)

Pre-treatment soil microbial communities (November 2002 to August 2003) were compared with post-treatment samples from July 2005 to June 2006 using fatty acid composition. The results suggest that the microbial community composition changed after canopy opening, and that canopy trimming had a greater impact on the community than detrital inputs. This was also supported by the analysis of the fungal to bacteria ratio which decreased (resulting from increased bacterial biomass) with canopy disturbance. The leaf litter microbial community differed from the soil microbial community composition, and was not significantly affected by canopy trimming or detrital inputs. The fungal marker 18:2w6 was more abundant in leaf litter than soil. In contrast, the bacterial markers were more abundant in soil than the leaf litter fraction.
Microbial community composition during decomposition of leaf litter was monitored over a twelve month period in the CTE experiment. Preliminary results suggest that the concentration of DNA and the diversity of phylotypes were not significantly different among treatments, but differed significantly over time showing seasonality. The diversity of fungal phylotypes decreased though time both in the green and fresh fallen leaves, while bacterial phylotypes increased over time. This suggests a succession of microorganisms during decomposition. We expect that early fungal colonization releases simple carbohydrate compounds that promote the growth of bacterial and other fungal groups.
Plant communities (Shiels, Zimmerman, Garcia)

We established 5 subplots (each 1 x 3.5 m) in each plot to measure seedlings (plants < 1 cm dbh).  All seedlings >10cm tall received a permanent tag and were identified to species, and all seedlings <10cm tall were not tagged, but were identified.  We analyzed data for changes in abundance, recruitment, and mortality across time.  Seedlings were measured annually (2003-2008).  We also measured changes in physical properties of the forest floor (% cover for dead wood and leaf litter, and for litter depth), graminoid cover and height, and canopy openness in seedling plots.

There was a dramatic increase in seedling abundance in the Trim-Detritus treatment. Pioneer species, particularly Cecropia schreberiana and Psychotria berteriana, showed the greatest increase in abundance of all seedling species. Adding detritus dramatically increased seedling mortality, but this treatment effect only lasted for the first census after the trim.  Seedling abundances did differ among treatments by the 2008 census. 

In each of the 12 CTE plots (within the 20 x 20 m inner portion) we identified and marked all woody stems ≥ 1 cm dbh.  We examined these data for changes in density, basal area, recruitment, mortality, and abundance of the top 20 species.  There were four total sampling periods for trees (2 before treatment, and 2 after treatment) in 2003, 2004, 2007, 2008. Density, but not basal area, increased in trim plots following treatments. Recruitment was highest in trimmed plots.  Interestingly, mortality was highest in the control plots following the trimming.  We attribute this to die-off following canopy closure after Hurricane Georges. Cecropia and Psychotria showed the largest increase in abundance following canopy trimming.  

2. Biogeochemical Processes

Phelonogy and litterfall (Gonzalez, Silver)

Three baskets were installed in each plot, and litter was collected every 2 weeks from November 2002 to November 2003. Material was sorted into the following categories: leaves (including petioles only when attached to leaves), reproductive parts (flowers, fruits, and seeds), fine wood (< 5 mm diameter), coarse wood (> 5 mm diameter), and miscellaneous (insects fragments, dead animals, faeces, dust, and any unidentified material). Leaves were sorted to species level.
Leaf fall patterns were positively correlated with solar radiation, PPFD, day length, and temperature; a weaker correlation was found with rainfall. Two main peaks of leaf fall were observed: April–June and August–September, coinciding with the periods of major solar radiation at this latitude. Community leaf fall patterns were the result of overlapping peaks of individual species. Of the 32 species analyzed, 21 showed phenological patterns, either unimodal (16 species), bimodal (three species), or multimodal (two species). Lianas also exhibited leaf fall seasonality, suggesting that they are subject to the same constraints and triggering factors affecting trees. In addition to solar radiation as a main determinant of leaf fall timing in tropical forests, these findings highlight the importance of inter-annual variation and asynchrony, suggesting that leaf fall is the result of a complex interaction between environmental and physiological factors. 

Litterfall continued to follow distinct seasonal oscillations following the treatment applications, but the magnitude of the temporal fluctuation varied among treatments. Litterfall declined significantly in the Trim+Detritus and the Trim-Detritus treatments, and was still significantly lower than the control treatments through May 2008. The Trim-Detritus treatment had the lowest mean daily litterfall, averaging just 40 % of the control.

Fungal dynamics and phosphorus cycling during decomposition (Lodge)

Hurricane disturbance results in the deposition of green litter on the forest floor, short circuiting the natural senescence process. Green litter is likely to be more nutrient rich, and exhibit differ carbon:nutrient ratios than naturally senesced litter. Fungi can play an important role in post-hurricane decomposition by providing hyphal linkages among litter cohorts (green versus senesced). The effects of canopy disturbance and litter manipulations on fungal dynamics and phosphorus (P) cycling were examined in the CTE. Canopy opening was predicted to reduce fungal connectivity between litter cohorts, while debris addition was expected to increase fungal connectivity. Fungi play a key role in P cycling in these forests. Phosphorus content was expected to increase in senesced litter in treatments with high fungal connectivity because of P translocation through root-like fungal structures. Increased P content and fungal connectivity would likely increase rates of decomposition. To explore the role of litter quality on fungal connectivity and decay rates, different cohorts of leaves were separated by screens inside of baskets. Organic material from the forest floor was placed inside the basket, followed by a screen, then a weighed layer of senesced leaves, then a screen, then a weighed layer of green leaves if in a debris addition plot, then another screen. Baskets were placed in replicate treatment plots and monitored over time.

Preliminary results showed that in decaying senesced leaves, fungal connections were greatest in the Control+Detritus treatment and lowest in the Trim-Detritus treatment. Phosphorus content decreased in green leaves under both Trim and Control canopies, and increased in senesced leaves in the closed canopy when detritus was added. Addition of green debris on top of the senesced leaves buffered the effects of canopy opening on hyphal connectivity to the senesced leaves, and consequently P accumulation and mass loss. Some of the P lost from the green leaves in the debris addition treatments was accumulated by microbes in senesced litter below.
Trace gas dynamics (Silver)

Tropical forests are important sources of greenhouse gases. We explored the effects of temperature and rainfall on inter- and intra-annual trace gas effluxes and determined the effects of canopy opening and detrital inputs as indices of disturbance. Carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) were sampled from static flux chambers monthly from Jan 2003 to present. Five static flux chambers were randomly located in each plot. Gas samples (20 mL) were collected in syringes during 5 time points over 40 minute intervals. Gases were immediately injected into pre-evacuated glass vials fitted with geomicrobial septa. Air samples and standard gases accompanied the experimental samples to and from the field. Vials were shipped overnight to U.C. Berkeley, and analyzed on a Schimadzu GC14 gas chromatograph with a thermal conductivity detector for CO2, an electron capture detector for N2O, and a flame ionization detector for CH4. 

Soil respiration averaged 14 ± 0.4 µg C cm-2 h-1 in the control sites and showed striking seasonality throughout the year, varying by over 100 %. In control plots, soil CO2 fluxes appeared to be coupled with both temperature and litterfall. The magnitude of the seasonal fluctuation decreased following a decline in rainfall in mid to late 2005. Control soils were also a source of methane (8.7 ± 4.7 ng C cm-2 h-1) and nitrous oxide (0.5 ± 0.3 ng N cm-2 h-1). Net methane fluxes reached a maximum of 0.9 µg C cm-2 h-1, and a minimum of -14 ng C cm-2 h-1. Maximum N2O emissions were 52 ng N cm-2 h-1.
Soil respiration rates continued to follow a seasonal cycle after the treatments were applied. Addition of detritus significantly increased soil respiration and rates remained elevated for almost two years following the disturbance. The Trim-Deritus treatment had significantly lower soil respiration during the same period. The Trim+Detritus treatment exhibited a delayed response, declining four months after the end of the trim, and recovering within 12 months. Methane fluxes increased significantly in the Trim-Deritus plots to a mean of 148 ± 55 ng C cm-2 h-1 and in the Trim+Detritus treatment to 75 ± 39 ng C cm-2 h-1. Litter addition to the closed canopy sites increased CH4 emissions to 111 ± 39 ng C cm-2 h-1. These results suggest that soil and microclimatic changes associated with canopy opening may account for 30 to 50 % of the increase in CH4 emissions during the experiment. Canopy trimming also resulted in an increase in N2O emissions. Trimming tripled average N2O fluxes, while litter additions approximately doubled N2O emissions.

Groundwater chemistry

The chemistry of shallow groundwater in the Luquillo Mountains reflects biogeochemical processes that occur in the biologically active forest floor.  These processes include microbial mineralization of organic matter, plant and microbial nutrient uptake, and nutrient leaching. Groundwater and stream chemistry responded quickly to past hurricane disturbance in the Luquillo Mountains, with a pulse of nitrate and potassium occurring within a few months of the hurricane, and a rapid (~18 month) recovery to baseline conditions. The fundamental drivers of the nutrient pulse that occurs after a major disturbance are uncertain in the Luquillo Mountains, as they are elsewhere.  The CTE was designed to help tease apart some of the fundamental drivers of this response to disturbance, by examining changes in soil solution chemistry in forest plots subjected to trimming (analogous to hurricane tree damage) and litter inputs. Porous cup alundum tension lysimeters were installed in each plot (three per plot) and sampled monthly for NH4, NO3, PO4, major cations and anions, and dissolved organic matter (DOC and DON).  We have observed striking changes in nitrate levels in many individual lysimeters, and statistically significant effects on NO3 and K in response to the trim plus litter and trim minus litter treatment, but no effects of litter addition alone.  The summary response shows that the combination of tree damage (lower nitrate uptake by trees) and litter inputs (mineralization of litter organic matter by microbes) is necessary to elicit the response in NO3 seen following the hurricane. Neither tree damage alone nor litter damage alone causes the large nitrate pulse observed following the hurricane.  

Contrary to what we had expected, there was no pulse of N2O flux from the soil surface with the increased NO3 availability in the trim plus litter treatment, nor was there any increase in DOC flux with mineralization of the litter inputs.  Control of DOC fluxes in soils at our site appears to be very effectively controlled by a combination of microbial metabolism, and/or the adsorption of DOC by mineral soils already shown to occur at this site.  

Carbon and nitrogen dynamics are physically uncoupled by disturbance, with carbon returning to the atmosphere as CO2, and nitrogen lost to soil water and ultimately surface runoff.  Upon re-establishment of vegetative control over nitrogen fluxes, and ther rapid mineralization of the pulsed litter inputs from the treatment, CO2 returns to control by seasonal temperature fluctuations and nitrogen loss is uniformly low and unaffected by temperature.  

APPENDIX 2:  TRANSFER OF LITTER FROM HILL SLOPES TO HEADWATER STREAMS
Question I − What controls variation in carbon and nutrient fluxes, and how are these variations modified by disturbance?

Hypothesis 2.   The intra- and inter-annual variation in the conditioning of litter and its transport from hill slopes to headwater streams is controlled by prolonged droughts, floods and other extreme weather events.  This temporal variation influences detrital structure and quality, nutrient cycling, and stream invertebrate communities.  Predicted changes in the intensities of droughts and floods will likely have long-term effects on stream biodiversity and detrital processing in headwater streams.  (Covich, Lodge, Crowl, González, Scatena, McDowell, Zou)
Tropical riparian forests and stream food webs are hypothesized to be strongly linked by transfer of microbially conditioned leaf litter into headwaters where litter is further processed by macroinvertebrates.  This transport and transformation of leaf litter into microbial and invertebrate biomass is thought to be one of the major energy pathways in headwater stream food webs.  Leaf litter enters stream channels through: 1) direct inputs from adjacent riparian forests into active stream channels; and 2) from downstream transport within the drainage network during base flows and storm flows.  During extremely high- rainfall events, some of lateral (stream-side) sources move down-slope into streams where they can enter the aquatic detrital food web.  These relationships between extreme flows and ecosystem processes are important given that many ecosystem services are influenced by variable flows. If climate change results in more frequent extreme flows there will be new challenges for stream ecologists. 
Timing of peak leaf litter inputs is highly species specific and event dependent (Zalamea and González 2008). Two periods, April to June and August to September, dominate the overall annual pattern.  Fallen leaves begin to decay on the forest floor and in intermittent channels.  Inputs of this litter can be moved from hill slopes to stream channels but movement is usually limited because fungi create terrestrial debris dams by binding leaves into mats with rapid growth of root-like structures.  Many of these mat-forming, white-rot basidiomycete fungi (e.g., Collybia johnstonii) are sensitive to droughts that dry the litter layer on forest soils.  Consequently, prolonged droughts can reduce leaf-litter retention on slopes and rainfall influences the binding effect of basidiomycetes in forming litter mats.  High rainfall events can alter the formation, spacing, and breakup of “leaf detrital dams” on land and in streams.  Studies demonstrate that conditioning first by terrestrial white-rot basidiomycete fungi increases the palatability to stream detritivores of leaf litter from some riparian sources (Covich et al. 2008, De Jesus-Ortiz and Lodge 2008).  Stream-based and laboratory mesocosm studies (e.g., Fig 1) demonstrated species differences in effects of terrestrial fungi as decomposers of leaf litter (Lodge et al. 2008). In contrast, freshly-fallen green leaves (e.g., Manilkara bidenta) are rapidly broken down (e.g., Fig. 2) by shrimp (Xiphocaris elongata) regardless of any microbial pre-conditioning by terrestrial or aquatic fungi (Crowl et al. 2006).  This latter result was counter to our initial hypothesis.  The processing of green, wind-deposited leaf litter has not frequently been studied in riparian ecosystems as most studies have focused on recently fallen dead leaves with different chemistries and conditioning.

The frequency and magnitude of extreme discharge events are major variables in determining rates of biotic functions and foodweb dynamics.  We currently recognize several types of patterns of variability in flow in a drainage network: (1) Zero- Order Channels have brief flow periods, and are mostly dry throughout the year; (2) First- Order Intermittent Channels have an average base flow except during drought, and are mostly wet throughout the year; (3) First-Order Discontinuous Channels have no base flow and sometimes the flows are connected to groundwater flows (hyporheic zones).  Some pools are isolated during months of the year; and (4) First-Order Permanent Channels have persistent base flow during drought and pools are continuously connected throughout the year in a hierarchy of flows within the drainage network.
Precipitation in the LEF typically occurs as high intensity, short duration rainfalls, or from longer duration frontal systems or tropical hurricanes that result in overland flows.  The short-duration storms can account for up to 80% of the total annual rainfall.  Base flow averages about 40% of mean annual streamflow.  We defined discharge pulses as periods of discharge which exceed the mean plus one standard deviation and extreme discharge pulses as periods that exceed the mean discharge plus two times the standard deviation.  Frequency is the number of pulses per year and duration was defined as the time of each individual pulse (event duration).  Magnitude was defined as the ratio of the highest discharge during an individual pulse to the threshold discharge (event magnitude).  Gage records from the LEF were used to analyze the frequency, duration, and magnitude of discharge pulses in relation to drainage area (between 0.3 and 38.8 km2).  We hypothesized that magnitude and frequency of discharge pulses will decrease in proportion to increasing drainage area, whereas duration will increase proportionally with increasing drainage area.  The rationale behind the hypothesis is that processes which delay and dampen stream flow responses to precipitation (e.g., partial contributing area, hill-slope and valley bottom storage of surface and subsurface water) will become more effective with increasing drainage area.  Inter-annual variability in peak discharge increased with drainage area (Fig. 3).  Annual variability and the average number of discharge pulses each year were high in drainages of less than 10 km2.   Fewer extreme discharge pulses occur in drainages greater than 10 km2.  These analyses indicate that discharge in the Luquillo streams pulses frequently for relatively short periods of time, and at high magnitudes (Wohl and Covich, In preparation).  We also found that as drainage area increases moving downstream through a drainage network, discharge pulses are less frequent but of longer duration.  These results suggest that discharge pulses in LEF drainage networks exhibit consistent patterns with drainage area.  The characteristics of these pulsed events affect ecological processes by transporting sediments and organic matter, thus altering stream substrata and biotic communities, especially detritivores.   
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Fig. 1. Percent leaf area lost; two dominant riparian tree species in microcosm studies (A. Inga vera; B. Manilkara bidentata) with white rot (blue) and brown rot (red). [From De Jesús and Lodge 2008)]
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Fig. 2. Manilkara bidentata. Breakdown rates with shrimp (treatment) and without shrimp (control). A. Aquatic; B. Aerial; or C. Terrestrial Conditioning. [From Crowl et al. 2006] 
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Fig. 3.  Pulsed flows in LEF are short duration in small headwater sub-basins. 

(From Wohl and Covich, in prep.)
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APPENDIX 3:  ECOSYSTEM PROCESSES ON THE ELEVATION GRADIENT

Hypothesis 3. Changes in rates of litter decomposition, soil organic matter (SOM)

decomposition, and DOM fluxes can be explained by mean annual temperature, rainfall, or both combined, along the elevation gradient. (González, Scatena, Silver, Cantrell, Lodge are contributors to this report)

Background – There are distinct trends in several ecosystem attributes along the elevation

gradient in the Luquillo Mountains. Some pools and processes change linearly; for example litterfall rates decrease linearly along the elevation gradient (Weaver and Murphy 1990), while soil organic matter pools increase linearly (McGroddy and Silver 2000, Wang et al. 2002). However, litter decomposition and soil CO2 effluxes follow a stepwise trend that suggests threshold effects (McGroddy and Silver 2000, Silver et al. in prep.).

Update on Litter Decay Experiment –

Silver’s group has measured leaf litter decomposition in 12 sites over 2 years along an upper elevation gradient in the Luquillo Experimental Forest. Litterbags were decomposed in situ in each plot. Additional litterbags from each forest type were decomposed in two common sites; one was near the top of the gradient (949 m above sea level) and one was near the bottom (741 m above sea level). Palm forest tissues decomposed more slowly under a dicotyledonous canopy, regardless of elevation. Colorado forest tissues decomposed fastest at the lowest elevation, and more slowly under a cloud forest canopy near the top of the gradient.  Overall, palm forest tissues decomposed fastest and tall cloud forest the slowest. Palm tissues had high N, the highest percent ash and acid soluble glucose, and the lowest tannins and lignin concentrations (Fig. 1).  A common substrate decomposition experiment showed essentially two decomposition environments: (1) palm and colorado forests and (2) the two cloud forest types. These data (see Fig. 2) differ from the in situ leaf litter decay (Fig. 1), suggesting a likely role of litter quality in controlling patterns in decomposition along the gradient. There was no pattern in mass remaining at the end of the experiment by elevation within or across forests and litter types. The home-court advantage of palm tissues decomposed in palm rather than under a dicotyledonous canopy suggests biotic (decomposer) effects.

Update on Microbial Studies –

How microbial communities involved in decomposition vary along an elevation gradient?

Results from Cantrell’s laboratory show that microbial communities differ among forest types based on fatty acid composition and DNA (work done by Luis M. García Orta and Carlos Cruz Rodríguez, graduate students). Sulfate reducing and Crenarchaota bacteria, known as versatile degraders, were abundant in the all forests types, and likely contribute to decomposition of complex substances from decaying trees.  Also, bacterial groups common to coastal and extreme environments thrive in the Luquillo Mountains.  They have found sulphate reducing and Crenarchaeota bacteria in the different forests types at El Yunque Rain Forest (work done by José Pérez-Jiménez, collaborator; Carmen Bonilla Rivera, graduate students; Iliana Santiago Rivera, undergraduate student).  Sulfate-reducing and Crenarchaeota bacteria are well-known from seawater-related and extreme environments (deep-sea, estuarine, and mangrove sediments), but they have not been well-documented for terrestrial ecosystems. A diverse sulfidogenic and Crenarchaeal assemblage is evident in the different forest types (Figs. 3 and 4). There are spatial and temporal differences between the samples. This is the first study that looks for sulfate reducing and Crenarchaeota bacteria in the Luquillo Mts.
Results from Lodge’s laboratory indicate that the percent cover of the forest floor by white-rot basidiomycete fungi that form litter mats, while broadly inversely related to climatic variables along the elevation gradient, has an anomalous ‘saddle’ corresponding to the base of the cloud condensation zone (Palo Colorado forest type) (Fig. 5).  This dip may be related to qualities of leaf litter typical of this forest type as it does not correspond to abiotic gradients (Lodge, et al. 2008).  Thus, the overall pattern of abundance of white-rot supports Hypothesis 3, but the dip in abundance at the lower bound of the Palo Colorado forest is at variance with it and suggests a biotic influence.  This result also ties to Hypothesis 3 since:  (1) abundance of white-rot litter mats is ecologically important because these fungi degrade lignin and importing nutrients from other food bases, thereby accelerating rates of decomposition and nutrient cycling in low-quality litter (Fig. 6) and (2) white rot produces more DOC/DOM leachates than non-white rots (Santana, McDowell, Lodge, unpublished data; Hintiika 1970). 

New study –

Fred Scatena is collaborating on a study using decision trees for evaluating the potential of soil carbon sequestration in sites from the El Yunque National Forests.  While there have been advances in estimating SC quantity at continental scales, decision tools that predict SC quantity and quality at the scale of land management units within regions are less advance but essential to local resource managers.  Fortunately, statistically-based decision trees developed from Multiple Regression Tree (MRT) analysis has shown promise in estimating total SC in the Green Mts. NF (Fig. 7), in Southern New England (Kulmatiskia et al 2004), and in the El Yunque NF (Johnson unpublished). This multivariate technique objectively identifies how SC pools are influenced by combinations of landscape variables (e.g. drainage, topography, vegetation etc.) and can be used as a management tool to both estimate SC and constrain process level models (e.g. Century, Pnet etc.). While decision trees have been developed for total SC pools at the study sites, the landscape variables that correlate to the quality of SC and long-term storage have not been determined. This project will address this knowledge gap by modifying the existing predictive models to account for the quality of SC. The objective is to produce empirically based tools that allow managers to identify the sequestration potential of individual sites using easily identified landscape features.

Table 1.  Proposed analyses for the assessment of soil carbon quality. 

	Approach
	Method

	Biological
	Mineralizable C by measurement of CO2 respiration during laboratory incubation (Haynes, 2005)

	Chemical
	Acid hydrolysis to isolate refractory pool of SC (Plante et al., 2006)

	Physical
	Size and density fractionation to separate partially decomposed plant residues from mineral-associated SC (Gregorich et al., 2006)


Fig. 1.  Leaf litter decomposition along an upper elevation gradient (in situ decay)
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Update on Microbial Studies – How microbial communities change along the elevation gradient
Results from Cantrell’s lab are showing that microbial communities are different among the different forest types based on fatty acid composition and DNA (Work done by Luis M. García Orta and Carlos Cruz Rodríguez, graduate students).  Also, bacterial groups common to coastal and extreme environments thrive in the Luquillo Mts.  There seem to be a diverse sulfidogenic and crenarchaeal assemblage of microbes in the different forest types at El Yunque Rain Forest; varying spatially and temporally. (Work done by José Pérez-Jiménez, Collaborator; Carmen Bonilla Rivera, graduate students; Iliana Santiago Rivera, undergraduate student).  The prevalence of sulfate-reducing and crenarchaeota bacteria has not been well-documented for terrestrial ecosystems as for seawater-related or extreme environments settings (deep-sea, estuarine, and mangrove sediments). Sulfidogens and crenarchaota bacteria, known versatile degraders, seem to thrive in the different forests types with a potential role on decomposing complex substances from decaying trees. This is the first study that looks for sulphate reducing and crenarchaeota bacteria in the Luquillo Mts.
Fig. 2.  Decomposition of a common substrate (craft sticks) along an upper elevation gradient 
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Fig. 3. UPGMA cluster analysis based on the Coefficient of Sorensen using the TRFLP profiles of the dsrAB gene digested with the restriction enzyme NdeII. Figure shows that the sulphate reducing bacteria is different in different forest types. The highest diversity is observed in the Elfin forest.  
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Fig. 4. UPGMA cluster analysis based on the Coefficient of Sorensen using the TRFLP profiles of the Crenarqueal 16s rDNA gene digested with the restriction enzyme HhaI. Figure is showing strong differences in the Crenarqueota community in the different forest types.  Color scheme: Elfin, Palma de Sierra, Palo Colorado, Bosque Seco.       
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camEF8B-HhaI-010308    23 --------------------------------------------I--------------------I        I

camPS02-HhaI-121608     7 --------------------------------------I                                   I

camBS09-HhaI-101608    14 -----------------I                    I--------I                          I

camBS08-HhaI-101608    15 --I              I--------------------I        I                          I

camBS07-HhaI-101608    16 --I--------------I                             I--------------------------I

camBS06-HhaI-101608    17 --I                                            I                   I

camBS10-HhaI-101608    13 -----------------------------------------------I I

camPC05-HhaI-101608     9 -----------------------------I                                            I

camPC02-HhaI-101608    11 -----------------------------I--------------------------------------I     I

camPC03-HhaI-101608    10 -----------------------------I                                      I-----I

camPC01-HhaI-101608    12 -----------------------------I--------------------------------------I 



Fig. 5.   Distribution of Basidiomycete Mats in Relation to Elevation and Slope
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dsr-PS10-081108_2008    4 -----------------I                                                        I

dsr-PS08-081108_2008    5 -----------------I--------I                                               I

dsr-PS06-081108_2008    6 --------------------------I--------------I                                I

dsr-PS01-081108_2008    8 -----------------------------------------I--------------I                 I

DSR-BE-26-070108_200    9 --------------------I                                   I                 I

DSR-BE-10-070108_200   16 --------------------I--------I                          I                 I

DSR-BE-23-070108_200   10 -----------I                 I                          I                 I

DSR-BE-09-070108_200   17 -----------I-----I           I                          I                 I

DSR-BE-20-070108_200   12 -----------------I--I        I-----I                    I                 I

DSR-BE-21-070108_200   11 --------------------I--------I     I                    I-----------------I

DSR-BE-04-061308_200   20 -----I                       I     I                    I            

DSR-BE-03-061308_200   21 -----I-----------------------I     I--------I           I                  

DSR-BE-05-061308_200   19 --------------------------------I  I        I           I                  

DSR-BE-01-061308_200   22 --------------------------------I--I        I--------I  I                  

DSR-BE-13-070108_200   14 -----------------------------I              I        I  I                  

DSR-BE-12-070108_200   15 -----------------------------I--------------I        I--I                  

DSR-BE-18-070108_200   13 -----------------------------------------------------I

LEVEL 0.77        0.66           0.54      0.41           0.29           0.16

Color scheme: Tabonuco, Elfin, Palma de Sierra.                          

451 TRFs – Representing 371 sizes
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Fig. 6. Percent Mass Loss On and Off of White-Rot Basidiomycete Mats.

Fig. 7. Multiple Regression Tree of Total Soil Organic matter content (Mg/ha) in the surface 20 cm of mineral soils for Hardwood Forests of the Green Mountains, VT. Percentages under the nodes refer to the percent sum of squares explained by the split. Letters of individual leaves not connected by the same letter are significantly different (P<0.05).
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APPENDIX 4:  TROPHIC INTERACTION MODELING
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Chelse Prather, University of Notre Dame

Introduction


There is growing awareness that the autotrophic food web (primary producers, herbivores and their associated carnivores) and detrital food web (detritus produced by the autotrophic food web, decomposers and their associated carnivores) mutually influence each other and affect ecosystem processes (DeAngelis 1992, Hooper and Vitousek 1997, Adams and Wall 2000, Wardle 2002). The effects of these top-level consumers are overlooked in tropical systems, where it is commonly assumed that primary producers and microbial decomposers are the main groups that influence ecosystem processes.  If consumers or their interactions affect plants and / or microbial communities, then consumers also impact ecosystem processes like decomposition and primary production.  This model may also be used to link community characteristics to ecosystem processes along the elevation gradient.

Combination of the autotrophic and detritus food webs into a single food web model has created a “new breed” of ecosystem model that explicitly incorporates the ecological interactions created by biodiversity (population and community ecology) into ecosystem functioning (decomposition, nutrient pools and fluxes, and primary production).  This type of model has provided exciting new insights into how consumers accelerate or decelerate ecosystem processes (DeAngelis 1992, Pastor & Naiman 1992, Pastor et al 1988, Belovsky & Slade 2000, Crowl et al. 2001, Wardle 2002).  These models can allow us to begin to address how biotic diversity, including higher trophic levels, which is so striking in tropical rainforest ecosystems, may influence ecosystem functioning. This influence is often glossed over in other ecosystem models.

A general pattern of ecosystem functioning emerges from any of the models combining autotrophic and detrital food webs that also incorporate even the smallest degree of biodiversity (e.g., fast and slow decomposing primary producer species):

1. Differential consumption of fast versus slow decomposing producer species by herbivores in the terrestrial ecosystem can change the quantity and quality of detritus available to the detrital food webs in the terrestrial and aquatic systems.  This depends on the herbivores’ preferential feeding on fast versus slow species.  

2. Depending on whether the relative abundance of fast or slow decomposing detritus is increased, rate of decomposition and primary production, which are nutrient dependent, will either increase or decrease.

3. Changes in the quantity and quality of detritus and its influence on ecosystem functioning can be accentuated if herbivory provides the less preferred primary producer category (whether fast or slow) with a competitive advantage so that it increases even more in abundance.  The competitive advantage emerges because fast decomposing plants tend to be relatively superior when decomposers release matter at a rapid rate, and slow decomposing plants tend to be relatively superior when decomposers release matter at a slow rate.

To address how consumers may be affecting ecosystem processes in LUQ, we developed a model combining consumers with primary producers and decomposers. This model, TIM (Trophic Interaction Model), is a food web model operating at relatively small time and spatial scales that explicitly considers the effects of functional groups thought important to ecosystem function.  Unlike other trophic interaction models, we also included competition among plants for light.

Parameterization

The TIM was parameterized with data from past and current LUQ studies and existing literature values from other rainforests (See Table 1).  Once data from the CTE (Canopy Trimming Experiment) are compiled and conducive for use, the model will be parameterized with data from each CTE treatment for validation and model modification.
Modeling

The TIM model was initially constructed via LUQ group participation.  Given the LUQ LTER program participants’ wide range of interests, their input resulted in a much more complex TIM model with nonlinear kinetics (Fig. 1) than we had originally proposed.  The complex TIM model could be constructed using the modeling program STELLA, but it was obvious at an early stage that the data necessary to fully parameterize the model were insufficient (see Parameterization).  While the LUQ LTER program is attempting to acquire many of these model parameters and field experiments have been designed to examine the model (Prather, Belovsky & Crowl), we had to develop a simpler TIM model, if there was any hope in assessing the utility of a TIM approach.  Therefore, we reverted to our original simple TIM model that had been initially presented to the LUQ LTER participants (Fig. 2).

The TIM model was reduced to five main ecosystem elements (Fig. 2): available nutrients for plant growth, living plants, plant litter, herbivores (primarily insects), and predators (primarily coqui frogs, Anolis lizards, and spiders).  Plants and their litter were separated into two categories: those producing litter that decomposes rapidly (Fast), and those producing litter that decomposes slowly (Slow).  Data indicated that during rainforest development from open (high light) to closed canopy (low light) environments -- Fast Plants tended to be associated with trees that become the canopy and Slow Plants tended to remain in the understory (see Table 1).  The two plant categories are allowed to compete for resources (nutrients and light), and this is measured as relative success in acquisition of available nutrients.  Changes in decomposers are modeled as a change in litter decomposition rates.  Each main ecosystem element is represented as a nutrient pool, and fluxes between all elements are modeled using linear kinetics (e.g., Type I functional responses).  

Three model versions were constructed: 1) nitrogen as a limiting resource for plants, herbivores, and carnivores; 2) phosphorus as a limiting resource for plants, herbivores, and carnivores; 3) phosphorus as a limiting resource for plants, but nitrogen as a limiting resource for herbivores and carnivores.  

The simpler TIM models were constructed using EXCEL, because EXCEL enabled us to quickly modify the models and obtain graphical output.  Using data from the LUQ LTER studies or literature values from other rainforests (Table 1), the TIM model was parameterized for the LUQ tabonuco forest.  Model fluxes were developed using a monthly time frame, a time span sufficient to track important ecosystem functions (e.g., decomposition, production, herbivore biomass, etc.).  

First, the model is solved for 10 years (120 monthly time periods) with initial conditions for the mature tabonuco forest at LUQ.  If the model contains the main ecosystem elements and fluxes, and the parameters are reasonably accurate – then the model should maintain initial conditions for the duration of the simulation if the forest is at steady state.  Next, if the above is observed, then each of the five individual elements are perturbed by 20% to ascertain the ecosystem’s sensitivity to each element, i.e., their importance (e.g., does herbivory modify the relative abundance of Fast vs. Slow Plants?).  Finally, to simulate hurricane disturbances, the forest canopy (Fast Plant nutrient pool) is dramatically reduced and 






converted into the Fast Litter pool, and consumers (herbivores and predators) are dramatically decreased.  This allows us to examine forest recovery given hurricanes of different severity, which are within the observed recoveries of the forest during the LUQ LTER study.

Modeling the linkage between the forest and stream ecosystems is an additional goal, and the stream ecosystem parameters are much better understood than for the forest.  However, until we are confident that the forest ecosystem model correctly portrays forest dynamics, there is no reason to model this linkage because the forest model is critical to predict the allochthonous inputs to the stream ecosystem.  Therefore, modeling forest/stream linkages has not yet been developed.

Results and Discussion

The models were solved with the estimates of initial pools and the flux parameters presented in Table 1. The competition coefficient between Fast and Slow Plants in the model was varied until stable conditions approached the observed initial forest dynamics.

Assuming N-limitation, stable conditions approached initial forest dynamics only when the competition coefficient had the Slow Plants (understory) competitively superior to Fast Plants (Fig 3a) at approximately a 2:1 advantage.  Without this competitive advantage, the Fast Plants (canopy) dominate the forest, which is observed in mainland rainforest (Fig. 3b).  This competitive advantage could emerge from two mechanisms: 1) Slow Plants are more efficient in acquiring N from soil and conserving N; 2) Slow Plants (understory) gain an advantage through frequent production of light gaps.  The first explanation is not supported, because Slow Plants lose 93% of their leaf N in their litter, while Fast Plants lose 60%.  The second explanation is supported because gaps are regularly produced by well documented, frequent tropical storms impacting the island (Scatena and Larsen 1991).

Assuming P-limitation, stable conditions approached initial forest dynamics only when the competition coefficient had the Fast Plants (canopy) competitively superior to Slow Plants (Fig. 3c) at an approximately 2: 1 advantage.  Without this competitive advantage, the Slow Plants (understory) dominate the forest, which is not observed in mainland rainforest (3d).  This competitive advantage could emerge from two mechanisms: 1) Fast Plants are more efficient in acquiring P from soil and conserving P; 2) Fast Plants (canopy) gain an advantage through light competition with infrequent production of light gaps.  The first explanation is not supported, because Fast Plants lose 54% of their leaf P in their litter, while Slow Plants lose 32%.  The second explanation is not supported because gaps are regularly produced by frequent tropical storms affecting the island (Scatena and Larsen 1991).

Given the above results, the model suggests that observed LUQ tabonuco forest dynamics are likely driven by N-limitation and tropical storm disturbances creating frequent light gaps.  Past LUQ LTER studies have not identified nitrogen limitation (Templer et al 2008).  This is not surprising, since sensitivity analysis of the TIM model indicates that a 10% increase in soil N would only increase plant production by <1%.  Therefore, very large N additions would be needed to produce measurable increases in plant production.  However, N-limitation has been shown in other tropical forests (Vitousek 1984, Vitousek and Howarth 1991), and studies have suggested the potential for N-limitation in this forest (Heneghan et al 1999).  With these results, we focus on the N-limitation model results with further analyses

Trophic dynamics did not appreciably influence steady state forest dynamics: a 20% change in herbivores or their predators’ abundances influenced Fast and Slow Plant abundances by no more than 1%. Totally eliminating herbivory and predation had less than a 1% impact on Fast Plants; however, Slow Plants declined in abundance by 17%.  This suggests that trophic 

dynamics may influence the abundance of Slow Plants (understory) by reducing the competitive impact of Fast Plants (canopy) that herbivores preferentially consume.  Nonetheless, trophic dynamics do not appear to strongly affect the dynamics of the LUQ Tabonuco forest once it approaches steady state; however, this may not be the case as the forest recovers from tropical storm disturbances.

Tropical storms vary in intensity from heavy rains and moderate winds to full-blown hurricanes that directly hit the island, and thereby, can have several effects.

1)  The typical tropical storm has rains that loosen the hold of roots that support trees so wind can blow down trees, or rains that can produce landslides on mountain slopes and open the forest -- these events occur at small spatial scales several times a year (Scatena and Larsen 1991).  These disturbances, as indicated above, can be considered part of the Fast/Slow Plant competition coefficient and were not directly modeled.

2) Direct hits by full-blown hurricanes devastate the forest through near total defoliation of the forest canopy and breaking-off/knocking-over canopy trees – an approximate 30 year large-scale occurrence.  Hurricane impacts were simulated by assuming that 90% of canopy (Fast Plant) and 20% of understory (Slow Plant) N were eliminated and transferred directly to their respective litter category.  The model produced forest dynamics after a hurricane that were similar to observations (Fig. 4) with understory plants peaking after 18 months and exceeding canopy plants for a period of 8 years as the canopy recovered.

We then tracked forest recovery with different initial levels of consumer abundance produced by the hurricane.  Five consumer (trophic) potentials were examined: a) herbivore/predator abundances were unaffected by the hurricane; b) herbivore abundances were unaffected by the hurricane, but predators were reduced by 90%; c) herbivore abundances were reduced by 90% by the hurricane, but predators were unaffected; d) herbivore/predator abundances were reduced by 90% by the hurricane; e) all herbivory/predation is eliminated by the hurricane.  The time until forest canopy equals understory abundance is found to vary from 80% longer (14 years) to 40% shorter (5 years).  Therefore, trophic dynamics can have major impacts on forest recovery even though at steady-state they were not observed to exert a strong impact.

Conclusions:

Model construction and results clearly provide direction to the LUQ LTER by defining data gaps and uncertainty.  Model utility will be improved as future studies produce better and more data that are guided by hypotheses suggested by the model.  These hypotheses include:

1)  The forest appears to be jointly limited by nitrogen availability and disturbance.  This requires better understanding of nitrogen and forest disturbance dynamics.

2) Trophic dynamics strongly impact forest recovery after disturbance.  This requires better understanding of herbivore and predator abundances and consumption.

The CTE results when available can be used as an independent validation of the model and understory experiments (Prather, Belovsky and Crowl) can be used to directly test the model.  Modeling can help to better direct LUQ LTER investigations by identifying hypotheses and which data are most needed to address them.
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APPENDIX 5:  RESISTANCE AND RESILIENCE ON THE ELEVATION GRADIENT

Hypothesis 5.   Resistance and resilience, as measured by changes in abiotic environment, biotic structure, and biogeochemistry over the past 16 years, have not varied between high and low elevation forests over a series of recent hurricanes, despite large differences in community composition, forest structure, and rates of ecosystem processes.  (Waide, Brokaw, Crowl, Lugo, McDowell, Richardson, Scatena, Silver, Walker, Willig, Zimmerman)

Background – The occurrence of repeated disturbances in the Luquillo Mountain provides an opportunity to compare the ecosystem properties of resistance and resilience in very different systems at high and low elevations.  The themes of disturbance and response have been central to the Luquillo LTER since its inception, and many of our long-term datasets can be used to estimate resistance and resilience to a broad range of disturbance types.  The genesis of Hypothesis 5 came from a discussion about the potential pitfalls in comparing these parameters in different systems in the Luquillo Mountains.  Our original definitions of resistance and resilience to a hurricane are described in Figure 1, which concludes that response B is more resilient than response C.  However, over a long enough period of time, both responses return to initial conditions at the same time and are thus equally resilient at that time scale.  Lugo pointed out that the biomass of low and high elevation forests behaved in this way after Hurricane Hugo.  This realization led to a new formulation of our definitions (Figure 2) as well as a more careful approach to comparison of resistance and resilience between forests and system components, as recommended by Carpenter et al. (2001).  

Approach – We will address Hypothesis 5 through synthesis of existing long-term data sets.  We plan to focus on this hypothesis during the second half of LTER IV, with a workshop to synthesize results scheduled for 2011 (see LTER IV proposal).  Leading up to that workshop, we will characterize the resistance and resilience of tabonuco and elfin forest plots to repeated disturbance in terms of the following characteristics: 1) forest structure (tree height, density), 2) forest composition, 3) nutrient cycling, 4) productivity and decomposition, 5) flower and fruit phenology, and 6) the abiotic environment (temperature, wind speed, hydrology).  Progress to date has included discussions of the available LTER and non-LTER data sets, which will be inventoried as they are identified for future analysis.  Our approach will require maintenance of our long-term data collection, manipulation of existing long-term data sets from multiple projects to quantify resistance and resilience, and the application of appropriate statistical comparisons.  If necessary, we will increase the breadth of data to analyze by mining non-LTER data sources, and possibly expanding our comparison to include Guanica State Forest, for which appropriate data sets exist. One of the end results of this hypothesis will be an integrated database of measures of resistance and resilience that we will add to after future disturbances.
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Figure 1.  Diagrammatic representation of various idealized types of response to disturbance.  Solid lines represent trajectories of response after a disturbance event (solid dot); long-term baseline conditions in the absence of disturbance indicated by the gray shading.  Response A is the most resistant, as system characteristics after disturbance never exceed those of baseline.  Responses B, C, and D are equally resistant, but differ in their resilience.  Response B is more resilient that response C because system characteristics return to baseline more quickly in the former than in the latter.  Response D does not exhibit resilience; the disturbance sufficiently alters the system so that it occupies a new state rather than returning to baseline conditions.  After Zimmerman et al. 1991.
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Figure 2.  Diagrammatic representation of resistance and resilience defined by two axes.  Each axis may represent aspects of the abiotic (e.g., soil moisture and soil temperature), structural (e.g., foliage height diversity and litter depth) or biotic (e.g., abundances of Piper glabrescens and Piper hispidum) environment.  Changes in these ecological attributes as a result of a disturbance (ΔE, illustrated by a solid arrow) quantifies resistance.  Panel A illustrates a more resistant system (i.e., ΔE is small) than does Panel B (i.e., ΔE is large).  The time taken for a system to return to pre-disturbance conditions quantifies resilience (number of gray arrows).  Panel C illustrates a more resilient system (i.e, time to recovery is short, three time steps) than does Panel D (i.e., time to recovery is long, four time steps).  Although two systems can be equally resilient (i.e., Panels D and E both return to predisturbance conditions in four time steps), secondary succession may evince different trajectories or recovery, some moving the system to states quite distinct from those of the pre- or even post-disturbance (immediate) environmental conditions (i.e., compare Panel E to Panel D).

Carpenter, S., B. Walker, M. Anderies, and N. Abel. 2001. From Metaphor to Measurement:

Resilience of What to What? Ecosystems 4: 765–781.
APPENDIX 6:  LAND USE AND TREE SPECIES COMPOSITION IN FORESTS
Question III  (  How important are changes in land-use in determining long-term ecosystem biogeochemistry, biotic structure, and services?
Hypothesis 7. Human land-use selects tree species with particular life histories and creates new forest communities. These new communities have different successional pathways and distinct community equilibria after hurricane disturbance compared to forests not subjected to human disturbance.

Introduction. Puerto Rico has become an iconic example of how agricultural abandonment and other land use changes driven by socioeconomic factors can lead to the establishment of secondary forests in the tropics and LUQ researchers have taken a lead role in developing this issue (e.g., Thomlinson et al. 1996, Aide et al., 2000, Grau et al. 2003, Lugo & Helmer 2004). The 16-ha Luquillo Forest Dynamics Plot (LFDP) at El Verde provides a case study of the dual effects of natural and human disturbance on forest community dynamics. We established the LFDP to study the long-terms impacts of hurricane disturbance on forest dynamics, but discovered a legacy of historic land-use in forest composition across the plot (Fig.1; Thompson et al. 2002), now considered typical of the tabonuco zone in the Luquillo. We have been investigating how land-use legacies interact with hurricane disturbance to determine the structure and composition of the tropical forest community.


[image: image15.png]




Spatial and temporal changes in community composition. Recent studies we have conducted (Zimmerman, Comita, Thompson, Uriarte & Brokaw, in preparation) directly address aspects of Hypothesis 7. Taking a landscape approach to the community changes in the LFDP, we investigated how scale of observation (quadrat size) affects community variation through time in the areas of low and high intensity land use (Figure 2). One goal was to address whether community changes revealed any patch structure caused by hurricane disturbance, as suggested by studies of canopy structure and light regimes following Hurricane Hugo (Brokaw and Grear 1991). Regardless of land use history and tree size class, we found a significant decline in community similarity between census intervals as a function of quadrat size, indicating that community changes induced by disturbance were not uniform over the plot. Using the point of maximum curvature of these relationships to estimate the average patch size of hurricane disturbance, we found that most community change occurred in quadrats ≤0.1 ha in size. This was not different from the patch size revealed by physical measures of canopy openings caused by Hurricane Hugo (Brokaw and Grear 1991) and similar to a parallel analysis of tree mortality caused by both Hurricanes Hugo and Georges (not shown).


Most relevant to Hypothesis 7, landscape (plot level) changes in community dissimilarity (which can be extrapolated from the asymptotes of the curves in Figure 2) were much greater in the area of high intensity land use than the area of low intensity land use. Large changes occurred in the overstory (trees ≥ 10 cm dbh) in the area of high land use intensity from 1989 – 1995, largely caused by the loss of many large C. arborea in Hurricane Hugo in 1989 (Zimmerman et al. 1994). Subsequently, landscape changes in community composition were more evident in the understory (tress 1 – 10 cm dbh) as shrubs and saplings went through periods of thinning (1992-1995), building (1995-2000; caused by Hurricane Georges in 1998), and another period of thinning (2000-2005). From the perspective of this analysis, the community dynamics of forests with different land use histories do appear to be qualitatively different.


Results of a simulation study. Following a series of studies documenting the post hurricane spatial-dynamics of the forest community represented by the LFDP (Uriarte et al. 2004), we assembled the SORTIE-ND model to simulate forest dynamics under varying hurricane disturbance regimes and contrasting the two different land use intensities. We contrasted a storm regime with only minor storms versus one with random severe hurricanes and one in which the average storm return interval increased and decreased over 50-year periods. Both storm severity and frequency had striking effects on forest dynamics, composition, and structure. The periodicity of disturbance also played an important role with periods of high hurricane activity fostering the establishment of species which may become rare in the absence of severe storms and quiescent periods allowing these species to reach reproductive size. Species responses to hurricane disturbance could not be predicted from their life history attributes. However, species perceived to be primary forest species exhibited low temporal variation in abundance through the simulations.


 The SORTIE simulations also suggest that, over time, regardless of the storm regime, land use legacies will become less apparent in the LFDP (Figure 3) and will lead to a forest community that contains a mixture of secondary and primary forest species formally dominant in different areas of the plot. Secondary species, like C. arborea, spread throughout the plot as do species representative of native forest. These results do not directly support Hypothesis 7, which indicates that factors will maintain the land use legacy through time. It rejects clearly, however, the conventional view of succession, in which native species should, over time, become re-established throughout the entire plot at the expense of secondary species. [image: image16.emf]Time step
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Exotic species. Thompson et al. (2007) addressed the fate of exotic species introduced by agriculture and Forest Service plantings in the LFDP. While a minor component in terms of forest structure (< 1% of total basal area), exotic species represent 12 of about 135 species (total number of species varies among censuses) found on the plot. The populations of four species (Citrus paradis, Mangifera indica, Musa sp., and Simarouba glauca) changed little from 1990 - 2000. Six species (Artocarpus altilis, Calophyllum calaba, Genipa americana, Hibiscus pernambucensis, Syzygium jambos, and Swietenia macrophylla) declined between the first two censuses after Hurricane Hugo, then increased again in 2000 after Hurricane Georges. Spathodea campanulata gradually increased from census to census, while Coffea arabica declined. The composite picture is that exotic species have become an integral part of the tropical forest community (Lugo and Helmer 2004) represented by the LFDP and that hurricane disturbance plays an important role in maintaining many of the exotic species on the plot.


Gastropod communities. For 18 years, Willig and Bloch and their colleagues have been investigated snail populations on the LFDP, a study representing the longest regularly sampled gastropod assemblage in a tropical forest. Long-term population trends of 17 species exhibited many individualistic responses to repeated hurricane disturbance. Some species responded differently to the two hurricanes while others did not. Studies of diversity patterns and community nestedness (roughly, the regularity of a species’ occurrence in space) revealed significant effects of hurricane disturbance (Willig et al. 2007), particularly for α and γ diversity, which both tended to decrease following hurricane disturbance.

The immediate effect of hurricanes was to reduce nestedness of gastropod assemblages. Thereafter, nestedness increased during post-hurricane secondary succession. Nestedness differed among land uses, but this was not affected by hurricane disturbance, indicating a legacy effect on snail communities that is not affected by more recent, natural disturbances.
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APPENDIX 7:  URBANIZATION AND STREAM COMMUNITIES
Question III  (  How important are changes in land-use in determining long-term ecosystem biogeochemistry, biotic structure, and services?

Hypothesis 8.   Urbanization causes changes in stream nutrients, discharge variation, and light that result in increased magnitude and variability of in-stream metabolism, detrital processing, energy flow within food webs, and dissolved inorganic N exports.  (Ramírez, Ortiz Zayas, Covich, McDowell, Pringle, Scatena).

The overall goal of our research is to assess the impacts of urbanization on tropical stream ecosystem structure and function.  Two major watersheds were selected as study sites: the Rio Piedras and Turabo. Rio Piedras is a highly urbanized watershed located in the metropolitan area of San Juan.  Turabo is located south of San Juan and, while remains less urbanized, is currently been affected by urban sprawl from the metropolitan area.  In addition, Turabo is located upstream from major dams while Rio Piedras has no dams.


Research group:

Dr. Alonso Ramírez

Sofia Burgos Caraballo, doctoral student

Agustin Engman*, master student 

Pablo Hernández, master student

Noraida Martinez Rivera*, doctoral student

Diana Martinó Cardona, master student

Sylmar Santos Corujo, technician

Xiomara Gonzalez, undergraduate 

Zulimar Lucena, undergraduate 

Denisse Hernandez, undergraduate 

*Students partially funded by the LUQ-LTER program.

^Students funded by the Undergraduate Mentoring in Environmental Biology program.   

Long-term monitoring started:


1- Stream water chemistry and suspended sediments in the Rio Piedras watershed.  In collaboration with Dr. Bill McDowell, one sampling station in the Rio Piedras is sampled weekly for nutrients, major ions, pH, conductivity, and suspended solids.  The station is located in the lower part of the Rio Piedras watershed.  

2- Aquatic invertebrate monitoring. One reach was selected to monitor benthic invertebrate assemblage composition.  Monthly sampling will be conducted during 2009 and quarterly thereafter.

Major research projects on the ecology of urban rivers:

1- Effects of urbanization on stream ecosystem structure:  

Goal:  To determine how urbanization affects stream water physicochemistry and invertebrate assemblages. 

Findings:  Consistent with previous studies, solute levels in stream water were positively related to percent urbanization on the subwatershed.  Graduate students Rebeca De Jesús (graduated) and Sofia Burgos found large increases in nutrient and ion concentrations and conductivity as urbanization increases.  In the heavily urbanized Rio Piedras, low nitrate is present in less developed subwatershed, mostly in headwaters, and reaches high concentrations in lowland subwatersheds that drain industrial and business zones.  Similarly in the Turabo watershed, subwatersheds with high levels of urbanization have high nitrogen concentrations.  Aquatic invertebrates follow expected patterns for urban streams with increasing proportion of tolerant taxa as urbanization increases.  

Meeting presentations:

1. The effect of land use patterns on stream ecosystems in a tropical urban watershed in Puerto Rico R. De Jesus & A. Ramírez. North American Benthological Society, Salt Lake City, Utah 2008, oral presentation.

2. Biodiversity and ecosystem function in tropical streams: Watershed land use effects and benthic biofilms communities. Burgos Caraballo, S. & A. Ramirez. North American Benthological Society, Salt Lake City, Utah 2008, oral presentation.

2- Effects of land use on microbial Eukarya diversity in stream benthic biofilms

Goal:  To determine patterns of eukarya diversity in tropical streams and whether patterns are affected by physicochemical changes introduced by watershed land use (e.g., forest, agriculture, urbanization).

Findings:  Molecular determination of microbial Eukarya diversity indicated high diversity under all land use types, including urban streams.  Graduate student Sofía Burgos Caraballo is now assessing factors determining those levels of diversity.  Preliminary results indicate that neither land use nor water physicochemistry explain variation in microbial Eukarya diversity.

Meeting presentations:

1. Effects of land use on microbial Eukarya diversity in stream benthic biofilms. Burgos Caraballo, S. & A. Ramirez . 2nd Symposium Frontiers in Environmental Microbiology: a Caribbean Perspective, 20 de marzo de 2009 Universidad del Turabo.

2. One abstract submitted to the Annual meeting of the North American Benthological Society in Michigan.  2009.

3- Biotic versus abiotic controls of leaf litter breakdown in a tropical urban stream.  

Goal:  To determine the importance of water flow versus fish and shrimp consumption in determining rates of organic matter processing in urban streams. 

Findings:  Leaf litter breakdown at natural forested streams (e.g., at the Luquillo Mountains) is controlled by shrimp and insect activity.  In contrast, graduate students Noraida Martinez and Agustin Engman found that fauna plays only a minor role in urban rivers and leaf litter breakdown is mainly controlled by abiotic factors.  We conducted two experiments in the Rio Piedras watershed to assess the role of fishes and shrimps and the role of flow in controlling leaf breakdown.  These are the first tropical studies assessing factors controlling leaf breakdown in urban rivers.  

Meeting presentations:


One abstract submitted to the Annual meeting of the North American Benthological Society in Michigan.  2009. 

4- Fish community diversity in an urban watershed.  

Goal: To assessed the composition and trophic structure of fish communities in urban streams within the Rio Piedras watershed.  

Findings:  Contrary to what has been proposed for urban streams from temperate regions, urban streams in Puerto Rico maintain their native fish fauna.  Graduate students Diana Martinó-Cardona and  Noraida Martinez found that the Rio Piedras watershed still maintains its native fauna, along with several exotic species.  This finding contradicts expectations presented in a recent review of urban rivers that defined an “Urban Stream Syndrome.”  We hypothesize that the migratory behavior that characterizes tropical island fish fauna allows urban rivers to maintain their native components.  

5- Urban stream water temperature and its impact on microbial activity in tropical streams.  

Goal:  To determine the impact of urbanization in stream water temperature and its effect on microbial community metabolism.

Findings:  Graduate student Noraida Martinez is assessing the implications of increased water temperature in urban streams on ecosystem function.  Her studies show that urban streams in Puerto Rico have temperatures that can reach 38 °C.  Microbial activity (e.g., respiration rates) was found to increase in response to temperature.  However, it reaches a threshold at around 32 °C.  Stream ecosystem function might be severely impacted by changes in water temperature in urban areas.  

6- Additional student projects

The following projects are been at different stages, ranging from initial design to almost completion as part of our research in urbanization effects on stream ecosystems.

· Effects of land use on the diversity of microorganisms and stream metabolisms in Puerto Rico. 

· By Sofia Burgos Caraballo, doctoral student

· The role of fishes in controlling benthic communities in tropical urban rivers.  

· By Agustin Engman, master student (LTER funded)

· Temporal and spatial variability in invertebrate assemblages in the Luquillo Mountains: implications for the development of stream monitoring tools

· Pablo Hernández, master student

· Effect of endocrine disruption chemicals on the development of native fishes in Puerto Rico

· Noraida Martinez Rivera, doctoral student

· Periphyton response to nutrient and light limitation in a tropical urban river, Puerto Rico

· Xiomara Gonzalez, undergraduate 

· Effects of urban stream water temperature on microbial activity 

· Zulimar Lucena, undergraduate 

· Effects of sedimentation on urban stream metabolism 

· Denisse Hernandez, undergraduate
APPENDIX 8:  ECOSYSTEM SERVICES

Question III  (  How important are changes in land-use in determining long-term ecosystem biogeochemistry, biotic structure, and services?
Hypothesis 9. Over the past 20 years the quantity of ecosystem products removed from the Luquillo Mountains has increased while the ecosystem processes supplying those products have been altered.  

Background and Approach  (  Historically, the Luquillo Mountains have been a source of many commodities and services, including, timber, agricultural goods, metals, minerals, and water (Scatena 1989).  Currently the main economic products provided by the Luquillo Mountains are clean water and recreation (Ortiz et al. 2004).  Major ecological services provided are carbon fixation (Silver et al. 2000), water purification (Santos Roman et al 2003), genetic resources (Cook et al. 2008), maintenance of regional biodiversity (Blanco & Scatena 2005), research, and education.  While the value of these ecological services is recognized, they are undergoing increased pressures and stresses from surrounding land-cover changes and other hydrological alterations (Pringle 2000).  These increases in urban areas have also increased demands on the forest’s natural products and resources, especially water (Pringle and Scatena 1999, Pringle 2000).  At the same time physical and chemical modifications to aquatic habitats have reduced the migration pathways and habitat of freshwater aquatic organisms (Benstead et al. 1999, Greathouse et al. 2005, 2006a,b).  Increased pressure on the region’s water resources has already provoked lawsuits (Ortiz et al. 2004).  At the same time, there has been increased vigilance regarding the management and use of the region’s natural resources (Scatena 2001), ecosystem-friendly water withdrawal structures (March et al. 2003), enforcement against illegal fishing, and public outreach via the LTER school yard program and the Luquillo HELP project (Scatena et al. 2008).  Understanding the relative influence of these stresses and mitigation efforts is critical to evaluating long-term ecological services provided by the Luquillo Mountains.  We are addressing this need by quantifying the magnitudes of different ecosystem services provided by the Luquillo Mountains.  The overarching goals include:  1) quantifying the magnitudes and spatial distribution of major ecosystem products and services provided by the Luquillo Mountains; 2) evaluating changes that have occurred in the services and products over the past 20 years; and 3) developing metrics than can be used to evaluate and monitor ecosystem services.  The emphasis is on ecosystem services and products associated with clean water.  

Activities and outcomes to date:  In addition to holding a series of conference call synthesis meetings to coordinate our efforts and develop a synthesis paper we have documented that: 

· From a near absence of urban cover in 1936, the areas surrounding the Luquillo Mountains have undergone both reforestation and urbanization.  By 2002, 19% of the Luquillo Mountains area was urban (Lugo et al. 2004).  

· Over the past few decades, the rainfall falling on Puerto Rico and on the Luquillo Mountains is decreasing at a rate between 1 and 2 mm/yr (Heartsill et al 2007).  In comparison, the amount of water being extracted from Luquillo streams is 190 mm/yr, or 2 orders of magnitude larger (Crook et al. 2005).

· On an average day in 1994, 50% of the stream flow from the Luquillo Mountains was diverted before it reached the ocean, by 2004, diversions had increased to 70% (Crook et al. 2005).  

· The connectivity of migratory pathways between ocean and rivers has decreased across the island, (Blanco & Scatena 2005, Greathouse et al. 2006a,b, Crook et al. in press)

· Air Temperatures have greatly increased in urban areas of Puerto Rico (Fig. 1) and may be changing in the Luquillo Mountains.  

[image: image17.emf]
Figure 1: Nigh-time Atlas five-meter resolution thermal image for downtown San Juan Puerto Rico. Gonzalez et al 2005

· An economic evaluation of Puerto Rican forests found that the private returns of forest were small and although the Commonwealth’s forest conservation tax credit ranged between $30 to $105/ha/yr, the private returns to cattle ranching were found to be significantly higher, and in the range of $400-500/ha/yr.  This indicates that the opportunity cost of foregoing forest to pasture conversion is at least $400 (Table 1, Gingold 2007).  Given the large difference in the opportunity cost of foregoing forest conversion and the size of the tax break, it is unlikely that the existing tax break provides a strong enough incentive for a farmer to forego forest conversion.  However on slopes greater than 20% the public costs associated with increased erosion can outweigh the private returns from forest to pasture conversion.  This indicates that forest conservation tax breaks should target areas with slopes greater than 20%

Table 1.   Private and public costs and benefits of subtropical wet forests in Puerto Rico. Unless otherwise stated, all units are in $/ha/yr. Range of values reported in literature for tropical forests (Almeida and Uhl 1995, Aylward and Echeverría 2001, Pearce 2001, Aylward 2002) compared with estimates compiled for subtropical wet forest zone in Puerto Rico (Gingold 2007).
	
	Tropical forests literature review*
	Estimate for Subtropical Wet Forest Zone, Puerto Rico

	Private
	
	

	Conventional logging
	20-440
	n/a

	Sustainable logging
	30-266
	-53-290

	Fuelwood
	40
	n/a

	NTFPs
	0-100
	Unquantified--value of direct use of water gathered from water spouts

	Opportunity cost of cattle ranching
	-1053 to -258
	-500 to -400 (Personal Communication, USDA)

	Public
	
	

	Watershed benefits – quantity
	-1,100 - 15
	-820 to 0 (Lower bound from high estimate of difference in runoff valued at $0.22.)

	Watershed benefits – quality
	0.25 – 850
	9 to 160 (Values for the average reservoir, SDR = 0.17 with slopes ranging from LS =1 to LS = 17)

	Recreation
	2-470 (general)

750 (forests near towns)

1000 (unique forests)
	2-470 (general)

n/a

280-2050 (Caribbean National Forest)

	Climate benefits (Carbon)
	360-2200 gross present value, not annualized
	8-36 (Sequestration value)

	Air quality
	n/a
	0-88 (estimated by CITYGREEN model)

	Genetic information
	0-3000
	n/a

	Biodiversity other than genetics
	?
	0 – 67 (RISEMP payments for biodiversity from conversion of pasture to forest)

	Nonuse values
	2-12, 4400 in unique areas
	n/a
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APPENDIX 9:  LUQUILLO LTER SITE MANAGEMENT

LUQ-LTER leadership

Project leadership in Luquillo LTER is a team effort.  We have five Signatory PIs plus two additional PIs who form a seven-member Executive Committee (EC; Table 1).  EC members include scientists with strong expertise in Luquillo LTER’s main research areas, scientists with broad expertise in tropical ecology, and scientists experienced with Luquillo LTER management.  The EC communicates regularly on program issues and meets in person or by phone when deemed necessary.
Table 1  –  Luquillo-LTER Leadership.  Curricula vitae are found on the website page for the site review (http://luq.lternet.edu/2009Review/index.html)

Executive Committee 

Signatory PIs

	Nicholas Brokaw, Lead PI
	Disturbance, forest ecology

	Ariel Lugo
	Ecosystem ecology, management


Additional PIs
	Catherine Pringle 
	Stream ecology

	William McDowell
	Ecosystem ecology, biogeochemistry

	Whendee Silver
	Ecosystem ecology, biogeochemistry

	Fred Scatena 
	Hydrology, ecosystem ecology and services

	Robert Waide
	Population, community, ecosystem ecology



The Lead PI, Nicholas Brokaw, makes most routine decisions for Luquillo LTER, while the Executive Committee decides on weighty issues, with input from others involved.  The EC has been assisted over the years by advisory committees.  We form advisory committees as needed.

The Lead PI and two members of Luquillo LTER serve on an Information Management Committee with the Information Manager.  Research sub-groups (e.g., stream ecology) focus on their respective research areas.

LUQ-LTER administration


The Lead PI administers Luquillo LTER.  Mechanics of administration are handled by office staff of the Institute for Tropical Ecosystem Studies (ITES).  ITES is a unit, equivalent to a department, such as Biology, in the Faculty of Natural Sciences of the University of Puerto Rico, Río Piedras campus.  ITES is directed by Jess Zimmerman, a member of the Luquillo LTER Executive Committee. 


Research is coordinated through El Verde Field Station (administered by ITES-UPR) and Sabana Field Station (USDA-FS) in the Luquillo Experimental Forest (Map 2).  Alonso Ramírez (UPR Assistant Professor, and an investigator in Luquillo LTER) is currently the Director of El Verde and coordinates its administration.  Grizelle González (USFS, and one of the Senior Personnel in Luquillo LTER) is Director of Sabana Field Station.

LUQ-LTER investigators 

Twenty-eight people are formally included as Luquillo LTER investigators, including PIs, Senior Personnel, and directors of particular programs (Table 2).  Eleven of this group live in Puerto Rico.  The others come largely from mainland universities.  Continued participation by these investigators is based on contributions to Luquillo LTER and is evaluated  by the EC.  Evaluation includes: number and impact of publications, disciplinary expertise and experience, participation in program planning, participation in education and outreach, compliance with information management standards, graduate student participation, cross-site activities, and ability to attract complementary funding.    
Table 2  -  Luquillo LTER researchers.  Curricula vitae are found on the website page for the site review (http://luq.lternet.edu/2009Review/index.html)
	Name
	Affiliation
	Discipline

	Nicholas Brokaw PI
	U. Puerto Rico
	forest ecology and disturbance

	Ariel Lugo PI
	IITF USDA-FS
	ecosystem analysis, nutrient cycling, education

	Gary Belovsky
	Notre Dame U.
	food web modeling

	Sharon Cantrell
	U. Turabo, PR
	microbial ecology

	Alan Covich
	U. Georgia
	stream ecology

	Todd Crowl
	Utah State U.
	quantitative analysis, food web dynamics

	Grizelle González
	IITF, USDA-FS
	decomposition, nutrient cycling

	Charles Hall
	SUNY-ESF
	modeling, climate change

	D. Jean Lodge
	For. Products Lab. USDA-FS
	nutrient cycling, fungal systematics

	Olga Mayol
	U. Puerto Rico
	atmospheric chemistry, climate change

	William McDowell
	U. New Hampshire
	aquatic biogeochemistry

	Steven McGee
	The Learning Partnership
	education

	Eda Meléndez Colom
	U. Puerto Rico
	information management

	Jorge Ortiz Zayas
	U. Puerto Rico
	urban stream ecology, hydrology, education

	Catherine Pringle
	U. Georgia
	stream ecology, water budgets

	Alonso Ramírez
	U. Puerto Rico
	aquatic entomology, climatology

	Barbara Richardson
	independent, Edinburgh UK
	invertebrate community ecology

	Frederick Scatena
	U. Pennsylvania
	geomorphology, climatology

	Whendee Silver
	U. California-Berkeley
	terrestrial biogeochemistry, climate change

	Jill Thompson
	U. Puerto Rico
	forest ecology and production

	María Uriarte
	Columbia U.
	forest dynamics, land use

	Robert Waide
	U. New Mexico
	population ecology, LU/LC

	Lawrence Walker
	U. Nevada-Las Vegas
	succession, primary production

	Michael Willig
	U. Connecticut
	invert. ecology, quantitative analysis

	Lawrence Woolbright
	Siena College
	animal ecology, frogs

	Mei Yu
	U. Puerto Rico
	Landscape ecology and modeling

	Jess K. Zimmerman
	U. Puerto Rico
	Forest dynamics, education

	Xiaoming Zou
	U. Puerto Rico
	nutrient dynamics, earthworm ecology


Meeting and coordination


Investigators and Associates in Luquillo LTER meet formally in Puerto Rico once a year to review and plan research and education programs.  Informal meetings occur in Puerto Rico and elsewhere irregularly but fairly frequently.  For example, meetings to synthesize results were held in Connecticut, Indiana, and Puerto Rico last year.    
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Figure 3.  SORTIE-ND simulations (time step = years) of the differences in species composition between areas with high vs. low intensity human disturbance in the LFDP, as measured by the Jaccard dissimilarity index (Uriarte et al., in press), under different modeled storm regimes.  The land use legacy present on the plot is predicted to disappear over time, with little variation due to differences in the storm regime.
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Figure 2.  The scaling relationships of inter-census changes in community composition in the LFDP.  Results plot community dissimilarity (the Horn-Morisita Index, used here because its values are insensitive to sample size) between censuses as a function of quadrat size.  The graphs contrast results for the overstory (A, 1989-1995; B, 1995-2000 and C, 2000-2005) with the understory (D, 1992-1995; E, 1995-2000, and F, 2000-2005).





Figure 1.  The Luquillo Forest Dynamics Plot (LFDP) covers 16 ha of forest, in which all self-supporting woody plants ≥ 1.0 cm dbh were identified, measured, mapped and permanently tagged every five years (c. 70,000 stems in each census) beginning in 1990 (first census of stems 1-10 cm dbh was completed in 1992). Here we show forest cover as seen in aerial photographs taken in 1936 as documented by Thompson et al. (2002), areas with < 80% cover (“high intensity land use”) were subjected to clear-cutting and agriculture (fruit crops) until the parcel was purchased by USDA Forest Service in 1934.  This area is dominated by Casearia arborea and other secondary species.  The area with > 80% cover (“low intensity land use”) retains a native mixture of species (Dacryodes excelsa, Manilkara bidentata, Sloanea berteriana) despite some selective logging, which occurred up until the 1950s. 





Fig. 4  TIM model results for hurricane recovery with N-limitation and various trophic scenarios.  Peak in Slow Plant biomass is presented in months and Slow and Fast Plant biomass equal to each other is presented in years)
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Fig. 3.  TIM model forest dynamics with N-limitation (a & b) and P-limitation (c & d) are presented. a ) and c) present results when the competition coefficient is chosen to produce the observed LUQ forest stable-state conditions, respectively 2:1 and 1:2 for Slow vs. Fast Plants.  b) and d) present results when the competition coefficient  is equal (1:1) between Fast and Slow Plants.�











		


					









































Fig. 2.  Simplified TIM model based upon available data (Table 1).
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Fig. 1.  TIM model resulting from LUQ group participation.
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Table 1.  TIM model parameters from LUQ or the literature on a monthly time frame.


	VARIABLE�
VALUE N, P�
MEANING�
NOTES�
REFERENCE�
�
Initial nutrients�
1.8, 0.034�
total nutrient pool (g/m^2)�
Converted from nutrient ion concentration to amout per m2�
McGroddy and Silver 2000�
�
Initial fast plants�
9.12, 0.594�
total nutrient in fast plants (g/m^2)�
Converted to g/m2, multiplied by proportion fast plants, and nuntrient content of fast plants�
Scatena et al .1993�
�
Initial slow plants�
0.8876, 0.075�
total nutrient in slow plants (g/m^2)�
Converted to g/m2, multiplied by proportion slow plants, and nitrogen content of slow plants�
Scatena et al .1993�
�
Fast plant nutrient content�
0.016, 0.0011�
fast plant nutrient content (g/g)�
Average of all recorded leaf nutrient contents from overstory plants�
Average literature values�
�
Slow plant nutrient content�
0.014, 0.00125�
slow nutrient content (g/g)�
Average of all recorded leaf nutrient contents from understory plants�
Average literature values�
�
Fast plant litter production�
0.08, 0.08�
proportion of fast leaves falling�
Converted to montly rate, multiplied by proportion canopy, and divided by total canopy leaf stand stock�
Weigert 1970�
�
Slow plant litter production�
0.08, 0.08�
proportion of slow leaves falling�
Converted to montly rate, multiplied by proportion canopy, and divided by total canopy leaf standy stock�
Weigert 1970�
�
Initial fast litter�
4.1391, 0.2759�
total nutrients in fast litter (g/m^2)�
Multiplied overstory proportion by nutrient content in fast litter�
Weigert 1970�
�
Initial slow litter�
0.3577, 0.0204�
total nutrients in slow litter (g/m^2)�
Multiplied understory proportion by slow litter nutrient content�
Weigert 1970�
�
Fast litter nutrient content�
0.0097, 0.0006�
fast litter nutrient content (g/g)�
Average of all recorded leaf litter nutrient from overstory plants�
Average literature values�
�
Slow litter nutrient content�
0.013, 0.0004�
slow litter nutrient content�
Average of all recorded leaf litter nutrients from understory plants�
Average literature values�
�
Fast litter decomposition rate�
0.12, 0.12�
proportion of fast litter decomposing�
Average of all recorded leaf decomposition rates from overstory plants�
Average literature values�
�
Slow litter decomposition rate�
0.08, 0.08�
proportion of slow litter decomposing�
Average of all recorded leaf decomposition rates from understory plants�
Average literature values�
�
Initial herbivore�
0.3773, 0.075�
total nutrient in herbivores (g/m^2)�
Summation of all herbivorous inverterates from lit values multiplied by nutrient content of herbivores�
Odum et al. 1970�
�
Herbivore consumption of fast�
0.021, 0.021�
proportion of fast plants eaten�
Monthly consumption rates�
Schowalter 1994, Angulo-Sandoval and Aide, 2000a Angulo-Sandoval and Aide 2000b�
�
Herbivore consumption of slow�
0.01, 0.01�
proportion of slow plants eaten�
Monthly consumption rates�
Angulo-Sandoval and Aide 2000b�
�
Herbivore death rate�
0.12, 0.12�
proportion of herbivores dying�
Estimated�
Estimated�
�
Herbivore assimilation rate�
0.254, 0.254�
proportion of plants digested�
Average literature values for insects�
Average literature values�
�
Predator consumption of herbivores�
0.06, 0.06�
proportion of herbivores eaten�
Number of insects consumed per month per predator�
Stewart and Woolbright. 1996�
�
Predator�
0.0458,  0.0068�
total nutrient in predators (g/m^2)�
Summation of all predators from lit values multiplied by nutrient content of predators�
Beard et al. 2000�
�
Predator death�
0.078, 0.078�
proportion of predators dying�
Converted to number dying per month�
Stewart and Woolbright. 1996�
�
Predator assimilation�
0.59, 0.59�
proportion of herbivores digested�
Production efficiency�
Woolbright 1985�
�















Map 1 – Location of hotel, International Institue of Tropical Forestry, and El Yunque National Forest in the Luquillo Mountains (~Luquillo Experimental Forest on map).





Map 2 – Natural features and study areas in  the Luquillo Mountains (LEF).
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Figure 4  (  Changes in primary driving variables affect community, ecosystem, and regional processes directly (not shown for simplicity) as well as indirectly through changes in the biota.  In this framework, biotic properties (e.g., species composition, diversity), community processes (e.g., predation, competition), ecosystem processes (e.g., production, decomposition), and regional processes (e.g., land-use/land-cover, urban heat island effects) interact to determine ecosystem services.  Ecosystem services are “…the conditions and processes through which natural ecosystems, and the species that make them up, sustain and fulfill human life” (Daily 1997).  Hypotheses addressed in this proposal focus on questions addressing ecosystem, community, and regional processes (Table 1).  Modified from Chapin et al. (1997).
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