
LUQUILLO LTER:  UNDERSTANDING CHANGE  

IN ECOSYSTEMS OF NORTHEAST PUERTO RICO 

 

ANNUAL REPORT 2007-2008: ACTIVITIES 

The Luquillo Long-Term Ecological Research Program (LUQ) focuses on 
understanding factors driving long-term change in tropical forest ecosystems in the 
Luquillo Mountains of Puerto Rico.  Building from an earlier emphasis on natural 
disturbance (hurricanes, landslides, droughts, floods) and ecosystem response to 
disturbance, LUQ continues studies of ecosystem structure and processes in mid-
elevation tabonuco forest, extends research into other forest types along an elevation 
gradient, and begins investigations of regional-scale processes affecting the Luquillo 
Mountains.  Four approaches are used: long-term measurements and experiments, 
comparative analyses among different forest communities, gradient analysis from forest 
to urban ecosystems, and synthesis using conceptual and simulation models.   

Evidence suggests that increasing hurricane intensity, declining rainfall in the 
mountains, and rising temperature in urbanized areas in the nearby lowlands can have 
significant effects on the ecosystems of the Luquillo Mountains.  In this context, we ask:   
How do changes in disturbance regime and climate alter biogeochemical cycles, biotic 

structure, and ecosystem services in the Luquillo Mountains and northeastern 
Puerto Rico? 

This overarching question leads to three specific questions addressing key elements of 
our long-term conceptual framework. 

1) 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.   

2) 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 propose to study 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.   
3) 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.  
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We propose to examine 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.  

In this description of our activities in the first year (2007-2008) of our fourth 
funding cycle we group most of our research very roughly under the three questions 
above.  We also describe advances in population studies, regionalization of our work, and 
information management.  Results are reported in the “Findings” section of this report. 
 
 
1. WHAT CONTROLS VARIATION IN C AND NUTRIENT FLUXES, A ND 

HOW ARE THESE VARIATIONS MODIFIED BY DISTURBANCE?   
The Canopy Trimming Experiment 
This Canopy Trimming Experiment (CTE) will help us foresee the impacts of increased 
hurricane frequency and strength on forest in the Luquillo Mountains.  Previous research 
has shown that this forest recovers quickly from hurricane disturbance, but it is unclear 
how recovery will be affected by the predicted increase in hurricane frequency and 
strength.  We know that detrital dynamics (decomposition) plays a key role in forest 
recovery, by influencing carbon and nutrient storage and flow.  Hurricane damage moves 
biomass from the canopy to the forest floor.  At the same time, canopy damage increases 
light, soil moisture, and temperature on the forest floor, which may interact with the pulse 
of hurricane debris to affect detrital dynamics.  These observations indicate the 
importance of research on the mechanisms of recovery, especially as they may be 
affected by increased hurricane frequency.  To understand these mechanisms we need to 
assess the independent effects of the added debris versus the effects of microclimate 
changes that result from hurricanes on response variables such as biogeochemical fluxes 
forest growth and structure, plant species composition, and detritivore populations.  It is 
also clear that invertebrate and microbial decomposers are essential to forest recovery via 
detrital dynamics.  But the particular roles of these species-rich groups are poorly 
understood.   

To address these questions we are carrying out the CTE at El Verde Research 
Area.  The CTE has two parts: 1) trimming the forest canopy and measuring the resulting 
changes in microclimate, structure, and biota and their impacts on ecosystem processes, 
and 2) manipulating the biota to assess the relative importance of components of the 
detrital food web.  Decomposer effects will be determined by selectively excluding 
different functional groups (see below).  Repeating the experiment every six yr will test 
results of the models described above.  

CTE Main experimental treatments response variables 
The experimental manipulations involve four treatments in each of three blocks 

(thus three replicates of each treatment): 
1. Canopy trimmed and trimmed biomass distributed on forest floor.  This simulates the 

changes in microclimate and redistribution of biomass created by a hurricane. 
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2. Canopy trimmed and trimmed biomass removed from the plot.  This simulates the 
changes in microclimate openness created by the hurricane without the associated 
redistribution of biomass. 

3. Canopy not trimmed but canopy biomass from a trimmed plot distributed on the 
forest floor.  This simulates the changes in redistribution of biomass created by the 
hurricane without the associated change in microclimate. 

4. Canopy not trimmed and no canopy biomass added to forest floor.  This maintains the 
forest unmodified by simulated hurricane disturbance. 

 
CTE Response variables include: soil water chemistry, soil temperature, air 

temperature, soil moisture, light, soil nutrients, soil microbial biomass and classification, 
soil respiration and trace gas flux, litterfall, leaf-litter and wood decomposition, litter 
invertebrate populations, seedling dynamics, fern populations, tree species composition 
and growth, density of frogs, lizards, aerial insects, arachnids, litter arthropods. 

Additional detail on some CTE measurements 
·  An experiment was established as part of the general investigation into the effects of 

canopy opening and differing debris amounts on organismal and biogeochemical 
responses. The litter bag experiment aims to quantify the effects of litter invertebrates 
and microorganisms on the decay of known amounts of originally sterile litter, placed 
in litter bags in manipulated plots (3 replicates) and retrieved at intervals.  

·  Herbivory and primary productivity measurements have been taken in the CTE for 
one year of pre-treatment data (2004) and three years of post-treatment data (2005-
2007).  Leaf area missing (LAM) is used as a proxy for herbivory.  Primary 
productivity is measured by counting new leaves and old leaves on common plants 
(Casearia arborea, Cecropia schreberiana, Miconia prasina, Miconia racemosa, 
Sloanea berteriana, Manilkara bidentata, Schefflera morototoni and Piper 
glabrescens) in May, June and July, which is the period of greatest production for 
most species at LUQ.  LAM is quantified digitally using ImageJ shareware.  Also, the 
percent of canopy openness is being measured with a densiometer above each plant to 
examine the effect of light availability on herbivory and primary production.  

 
Trophic interactions 
 Nutrients in tropical forests are tightly cycled within litter, soil and the biota.  
Plants and microbes rapidly acquire biologically available nutrients (N and P) released by 
microbial activity through the process of decomposition.  Often in tropical research, it is 
assumed that only plant and microbial communities affect ecosystem processes.   
However, plants and plant litter are selectively eaten by herbivores and detritivores, and 
impacts on plants and litter through this selective feeding can alter microbial 
communities, resulting in changes to decomposition, nutrient cycling and primary 
productivity.  In this study, we seek to understand the impacts these groups have on a 
tropical forest.  We are studying the impacts of an invertebrate foliovore (a walking stick, 
Lamponius portoricensis) and a detritivore (a litter snail, Megalomastoma croceum) in a 
Puerto Rican rainforest determine how they:  
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·  affect micro-arthropod and microbial communities and, consequently, rates of leaf 
decomposition; 

·  impact nutrient cycling in vegetation, litter, and soil;  
·  change primary productivity of two understory plant species. 
 
 By preferentially feeding on vegetation and litter, herbivores and detritivores may 
affect forest vegetation biomass and leaf litter quality and quantity.  Feeding trials we 
have conducted with L. portoricensis have shown that this herbivore prefers faster 
decomposing plants with more nutritious foliage.  Literature suggests that if herbivores 
prefer to eat faster decomposing litter, less of this foliage will fall as litter while more 
slowly decomposing litter reaches the forest floor.  Subsequently, this change in litter 
quality and quantity may alter the composition of the litter micro-arthropod and microbial 
communities.   

 We hypothesized that in the presence of walking sticks preferentially feeding on 
faster decomposing foliage, rates of decomposition would decrease due to a lower 
quality, less nutritious litter layer.  As a result, decreased nutrient availability from lower 
rates of decomposition could result in lower plant primary production.  The detritivore, 
M. croceum, by its action as a decomposer, should increase decomposition rates, and 
subsequently increase rates of nutrient cycling and primary productivity.  In combination, 
the two organisms’ could possibly produce opposite effects that cancel each other out. 

In disturbance-driven forests, like our study site in Puerto Rico, disturbances may 
amplify invertebrate effects.  For example, understory vegetation grows more rapidly 
with increased light availability in tree-fall gaps, and this higher plant productivity would 
support higher populations of herbivores and detritivores, which in turn may have greater 
impacts on the ecosystem.   

To test these ideas, we used an enclosure (2m x 2m x 2m mesh enclosures) and 
litterbag experiments   A fully crossed, factorial experiment (herbivore present/absent x 
detritivore present/ absent x light gap/closed canopy) began in 2005.  Herbivores and 
detritivores were stocked at natural abundances inside enclosures in the rainforest in the 
northeastern corner of Puerto Rico.  Lamponius portoricensis was chosen as the 
herbivore because it is found at higher biomasses than any other herbivore in this 
rainforest.  Megalomastoma croceum was chosen as the detritivore because it is at 
extremely high abundances in the litter.  In each enclosure, ten plants grown under 
similar conditions in mixed forest soil were planted: 5 faster decomposing plants (Piper 
glabrescens) and 5 slower decomposing plants (Miconia prasina).  These species are 
from two of the most species-rich genera in the neo-tropics, allowing for greater 
applicability to tropical forests in general. 

 The litterbag experiments have measured the effects of the walking stick and snail 
on the microarthropod microbial communities and litter decomposition rates.  Genetic 
molecular methods (TRFLP and ARISA) determined relative number and biomass of 
litter fungal and bacterial groups.  Foliage, litter and soil samples were taken bi-yearly 
from 2004 (pretreatment) to 2008 and ground to analyze for total carbon and nitrogen 
(Costech Elemental Analyzer).  Resin bags were replaced in the enclosures every six 
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months and used to measure soil extractable nitrogen (Dionex Ion Chromatograph).  
Plant biomass was measured non-destructively bi-yearly by dimensional analysis.  Final 
plant biomass was measured in June 2008 at the end of the field experiment. 
 
Microbial ecology 
Our goal is to dissect the microbial diversity from different forest types and disturbances 
regime in the Luquillo Mountains using cellular and molecular approaches. We have 
been working with fatty acids and DNA markers. Graduate and undergraduate students 
have received training in a diversity of molecular techniques. During this past year we 
have focused our effort on two functional bacterial groups (sulphate reducing bacteria-
dsrA, crenarchaeota-16S rDNA) that have not been studied before in the Luquillo 
Mountains.  Sulphate reducing bacteria are typical of mangroves ecosystems and 
Crenarchetoa are typical of extreme environments. This molecular signaling information 
can be used to develop biological indicators of disturbances and changes in land use.  
 
Hurricane research network and other regionalization efforts 
A recent issue of Frontiers in Ecology and the Environment includes several 
contributions by LTER researchers on the importance of networks of sites to answer 
large-scale questions.  Luquillo LTER received a supplemental grant from NSF to 
organize a network of sites in the Caribbean and US to coordinate study of the impacts of 
hurricanes.  We have begun organization and will hold a meeting soon.  Further reporting 
on this will be in the 2009 annual report. 

We have also completed analyses of environmental controls of biodiversity, 
including the effects of the regime of hurricane disturbance on bat species composition in 
the Caribbean.  In particular, we quantified the responses of bat species composition in 
the Caribbean (Greater Antilles, Lesser Antilles, and Bahamas) to characteristics of 
disturbance regime (i.e., hurricanes) as well as to other environmental characteristics.  
We are also studying bromeliad microcosms in several Caribbean islands, most recently 
on  Saba.  This small island will allow cross site comparisons on habitat size with species 
assemblages.  
 
Landslides  
Landslide research in Luquillo LTER focuses on determining how disturbance alters 
community and ecosystem function, and the recovery trajectories of the ecosystem 
following disturbance.  Additionally, following organic matter dynamics pre- and post-
disturbance has been included in my work (i.e., major themes of LUQ LTER 4).  The 
Canopy Trimming Experiment seeks mechanistic controls of biotic and abiotic recovery 
from simulated hurricanes.  Landslide research focuses on determining factors that 
control revegetation, as well as carbon and nutrient dynamics.   
 
 
2. ARE CHANGES IN TEMPERATURE, RAINFALL, LIGHT AND WIN D 

(CLIMATE) ALONG THE LUQUILLO ELEVATION GRADIENT 
SUFFICIENT TO EXPLAIN VARIATION IN BIOGEOCHEMICAL 
PROCESSES AND BIOTIC STRUCTURE?   
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Climate and litterfall, and microarthropods on the elevation gradient 
We continue to monitor climate along the elevation gradient. We are also exploring iron 
redox dynamics. In this project we are exploring the role of iron cycling in phosphorus 
and carbon biogeochemistry in the Luquillo Mountains. We have installed oxygen 
sensors that provide continuous measurements of the soil atmosphere, and will use this 
with data collected during field campaigns to model patterns in phosphorus and carbon 
biogeochemistry in time and space. As part of this project we are looking at the role of 
electron shuttles in iron redox cycling, and how the microbial community composition 
responds to soils with different short and long term patterns in redox fluctuation. The 
project employs three post docs (a biogeochemist, a geochemist, and a microbiologist), 
and has trained several graduate students.  To monitor the gradient we installed new 
ozone and soil moisture sensors at  Bisley (mid-elevation) and East Peak (high elevation).  
We continue to monitor litterfall along the elevation gradient.  To better understand 
decomposition along the gradient we are identifying microarthropods from pitfall traps 
and soil extractions along the gradient. 
 
Community studies on the elevation gradient 
Luquillo LTER completed field sampling for populations and communities of terrestrial 
gastropods, and populations of walking sticks, along the elevation gradient that parallels 
the Quebrada Sonadora, for sites in tabonuco, palo colorado, and elfin forest along with 
their paired palm forest analogues.  We also quantified top-down, bottom-up, and area 
effects on species richness in bromeliad communities in tabonuco, palo colorado, and 
elfin forest using information theoretic approaches and structural equation modeling. 
 
Aquatic communities on the elevation gradient 
We have begun the elevation gradient sampling to determine how community and 
ecosystem processes change as a consequence of elevation and riparian forest 
composition changes.  We have initiated aquatic faunal surveys in 8 stream reaches in the 
Sonadora River beginning at c. 250 m and ending at the uppermost reach in the elfin 
forest at c. 1100 m. 
 
Drought 
We have also initiated a project looking at the effects of drought on biogeochemical 
cycling.  Small rain exclusion shelters were installed over the forest floor to exclude rain 
and most throughfall, but allow lateral water transport in soils. This simulated a decrease 
in soil moisture, but not total moisture exclusion. Shelters and paired controlled were 
sampled for soil moisture, trace gas dynamics, and soil nutrient pools.  
 
Stream studies 
We have begun the elevation gradient sampling to determine how community and 
ecosystem processes change as a consequence of elevation and riparian forest 
composition changes.  We have initiated aquatic faunal surveys in eight stream reaches in 
the Sonadora River between c. 250 and 1000 m asl. 
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Forest structure 
Luquillo LTER is extending to 20 years, and through two severe hurricanes, a study of 
canopy structure at three elevations in the Luquillo Mountains.  A question of interest is 
the relative recovery rate of forests at different elevations. 
 
 
3. HOW IMPORTANT ARE CHANGES IN LAND-USE IN DETERMININ G 

LONG-TERM ECOSYSTEM BIOGEOCHEMISTRY, BIOTIC STRUCTU RE, 
AND SERVICES?   

 
Luquillo Forest Dynamics Plot 
The Luquillo Forest Dynamics Plot (LFDP) was established in 1990 to record long-term 
changes in tree species composition, species diversity, and forest structure.  The LFDP 
covers 16 ha, in which all self-supporting woody stems ³  1 cm dbh are identified, 
marked, measured for dbh, and mapped every five years.  So far we have completed four 
censuses, each including about 70,000 stems of about 140 species.  The large plot area 
and small lower stem size are needed to understand patterns in tree regeneration and 
distribution in a species-rich, heterogeneous community.  The LFDP also provides a 
detailed environmental context for studies of animals and ecosystem processes.  The 
LFDP research has been funded by LTER, by additional grants from NSF and by the 
Andrew Mellon Fund.  An LTREB grant supports studies seedling dynamics in the LFDP 
in comparison with dynamics at large plots in Panama and Ecuador.   

For the LFDP we are developing a spatially-explicit simulation model for the 
effects of hurricanes on the dynamics of the Luquillo Forest.  The model – SORTIE/PR – 
was parameterized from field studies conducted under separate NSF funding (including 
extensive use of the long-term data from the Luquillo Forest Dynamics Plot).  
SORTIE/PR is a specific application of SORTIE-ND, a more general, open-source 
software platform for simulation of spatially-explicit, neighborhood dynamics of forest 
ecosystems.  The source code and compiled versions, and documentation of all behaviors 
in SORTIE-ND are available at www.sortie-nd.org.   

·  Quantified the successional dynamics of walking sticks (Lamponius portoricensis) 
and their context dependence with respect to hurricanes (Hugo versus Georges) and 
previous landuse (cover classes of the LFDP). 

·  Quantified alpha, beta, and gamma components of species richness, evenness, 
dominance, diversity and rarity for terrestrial gastropods on the LFDP. 

 
Urbanization and climate change 
Luquillo LTER is in the late stages of study of the urban heat island of San Juan, a city of 
1.3 million people.  Also in connection with urbanization, we are developing an 
econometric analysis of electricity demand in Puerto Rico.  

We have quantified the relation of urbanization to the phenomenon of heat island in the 
San Juan area and have expanded the concept to the study of the impact of 
suburbanization in the region adjacent to the Luquillo Forest.    
 



Luquillo LTER Annual Report 2007-2008:  Activities 
 

 page 8 

Luquillo LTER published a meta-analysis of neotropical Xylaria (fungi) species to 
determine whether there were species restricted to cloud forests that could be at risk from 
climate change.  
 
Urban stream ecology 
Streams in Puerto Rico are becoming immersed within an urban landscape as the island is 
developed.  We are studying the dynamics of urban stream ecosystems in Puerto Rico in 
an effort to understand how this expanding ecosystem function.  During 2007 we 
conducted three major projects in the highly urbanized Río Piedras watershed: 
·  Biotic versus abiotic controls of leaf litter breakdown in a tropical urban stream.  This 

project assessed the role water flow as the main abiotic factor versus fish and shrimp 
consumption of leaf litter in an urban river. Results indicate that abiotic are more 
important than biotic factors in controlling leaf litter processing.  This is the first 
tropical study on factors controlling leaf breakdown in urban rivers. 

·  Fish community diversity in an urban watershed.  We assessed the composition and 
trophic structure of eight urban streams within the Rio Piedras watershed.  Contrary 
to prediction based on studies in urban rivers, the Rio Piedras still maintains its native 
fish fauna.  We hypothesize that the migratory behavior that characterizes tropical 
island fish fauna allows urban rivers to maintain their native components.   

·  Urban stream water temperature and its impact on microbial activity in tropical 
streams.  Urban streams are known to have warmer water temperatures than natural 
streams.  We assessed the response of microbial communities to changes in 
temperature associated with urban rivers.  Our study indicates that urban streams in 
Puerto Rico have temperatures that can reach 38 °C. Microbial respiration increased 
with increasing water temperature until it reached 32 °C.  Urban stream function (e.g., 
respiration) might be severely impacted by its relatively high water temperature. 

·  A research program was begun in 2006 to study the effects of human activities on the 
nitrogen and carbon cycles in tropical island rivers and streams.  Two projects address 
the spatial and temporal dynamics of nitrogen in different watersheds in Puerto Rico.  
Two other projects address the organic carbon dynamics in rivers and estuaries 
receiving treated sewage effluents.   

 
Effects of dams 
Luquillo LTER began island-wide effects of dams on the ecosystem process of stream 
decomposition.  This included leaf decomposition experiments in 10 of the sites used by 
Greathouse et al. (2006) to compare how ecosystem processes change as a result of 
faunal extirpation by dams.  We used Cecropia schreberiana, as there is much known 
about decomposition rates for this species in Puerto Rican streams.  We expected to find 
higher leaf decomposition rates in streams without dams due to the high densities of 
native freshwater fauna present in such streams.  Our preliminary data support this 
hypothesis but the complete data set and analyses are not finished yet. 

We are also studying island-wide urbanization and associated changes in land-
cover and how they interact with atmospheric teleconnections (ENSO and NAO) to 
determine local climate and therefore streamflow variability.  Daily discharges for a 30 
year period were obtained for 23 USGS stations. Data were analyzed at the high 
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performance computing facility at Universidad de Pamplona in Columbia.  Long-term 
sampling was continued at a low elevation segment of Mameyes River (Route 3 and 
Westin Rio Mar golf course). Sampling at this segment was initiated in 2000. 
 
Effects of instream barriers on diadromous snails 
We scored quality of riparian and instream habitats in more than 20 sites along the 
elevation gradient at three rivers within El Yunque National Forest (Mameyes, Espíritu 
Santo, and Río Grande) using Rapid Assessment Protocols (RAPs).  These scores will be 
correlated to the reach-scale abundance and body size of diadromous snails in order to 
identify to what extent these snails respond to riparian and instream conditions and if they 
would be useful bioindicators.  We already know that absence of snails in streams outside 
the limits of the National Forest is due to significant modifications of physical habitats 
and poor water quality (i.e. high turbidity and concentration of phosphorus) (Blanco and 
Scatena 2006).  Now, our objective is to identify how snails respond to more subtle 
changes in habitat quality within the National Forest.  We may also begin 
removal/addition experiments to understand the role of diadromous snails on controlling 
primary production and siltation and on influencing overall insect communities.  
 
Atmospheric chemistry 
The impact of aerosol particles on climate depends on their residence time in the 
atmosphere and, therefore, on how efficiently these particles are removed by mechanisms 
such as clouds and precipitation.  To understand these processes we need to understand 
the chemical composition of aerosols, clouds and rainwater.  The water-soluble species, 
such as water-soluble organic carbon and nitrogen (WSOC and WSON), are of interest 
because of their ability to act as cloud condensation nuclei. Therefore, the specific 
objectives of the study are to determine for aerosol, cloud, and rain water samples 
collected in tropical trade wind air masses the following criteria:  a) chemical 
composition and concentration, focusing on the water-soluble organic carbon and 
nitrogen (WSOC and WSON), b) in-cloud and rain scavenging efficiency. 

Aerosol, cloud, and rainwater samples were collected at a mountaintop (East 
Peak, 1051 m asl) in Puerto Rico. Samples were collected during several intensive field 
campaigns that took place from 2006 to March 2008. Measurements include pH and 
conductivity, total and dissolved organic carbon (TOC and DOC), total nitrogen (TN) 
(TOC analyzer, Shimadzu 5500), elemental and organic carbon (EC/OC Analyzer, Sunset 
Lab), ion chromatography, and H-NMR.  

 
IGERT 
Luquillo LTER will benefit over the next five years from an IGERT (Integrative 
Graduate Education and Research Traineeship) grant from NSF to the Environmental 
Science Program of the University of Puerto Rico-Rio Piedras.  The research theme of 
the IGERT program at UPR is “Human-Natural Systems in the Urbanizing Tropics”, and 
the grant money supports PhD students working in that area.  The IGERT program will 
be a strong complement to Luquillo LTER. 
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ISSE decadal plan meeting 
Luquillo LTER received a grant from the LTER Network Office to hold a workshop in 
Puerto Rico for all LTER sites on methods in socio-ecology.  The workshop results will 
help advance research in the area of the recent Decadal Plan for LTER 
 
 
INFORMATION MANAGEMENT 
·  We advanced to generation of Level – 5 with High Quality Control standards of LUQ 

LTER Metadata in collaboration with Iñigo San Gil of the LTER Network Office 
(LNO).  Approximately one third of the online metadata has been revised and updated 
to achieve this high quality standard although around 84% of our online metadata has 
unrevised level 4 to 5 EML packages generated for them. 

·  Meetings, and specific plans have been developed by Luquillo LTER, in conjunction 
with LNO technical staff to build a “community-based services and a service-oriented 
architecture (SOA)”. Main target has been to re-structure and update the design the 
LUQ LTER Web site in order to provide a “scalable, community-based, service-
oriented architecture” that will provide data services to ensure secure and efficient 
access to data stored in site data repositories. The later is a collaborative project itself 
since it involves the collaboration of the LUQ LTER scientific community 
(represented by the local IM Committee composed by 4 LUQ Investigators, several 
LNO’s technical staff, and the LUQ Information Management staff, where the 
information manager is the liaison that coordinates the activities of  the 3 community 
members.  

·  Luquillo LTER participated in the first training given by the LNO where XML was 
taught as a tool to learn and understand EML and capacitate the information 
managers to start generating web services. 

 
 
OTHER STUDIES 
Microcosms 
We continued work on papers describing new species from bromeliad phytotelmata in 
Puerto Rico and Dominica, in collaboration with taxonomists Rudiger Wagner and Tom 
Zavortink listed above.  We alos continued work on biogeographical comparison of  
invertebrate communities in bromeliad phytotelmata  
 
Ferns 
       Luquillo LTER completed its 17th year of monitoring demographic parameters of 
25 species of ferns in mid-elevation, tabonuco forest and its 8th year of monitoring 
temperate zone ferns in Arrowsic, Maine, for comparison. 

      The main goals of this study are to:  1)  document variation in life histories for 25 
species of ferns, 2)  compare population structures for 25 species of ferns, 3)  document 
phenology in leaf and spore production (seasonal and annual) and document effects of 
major disturbances such as hurricane Georges and relate these differences to the sites' 
environmental parameters, 4)  determine the biomass contribution of ferns to the 
ecosystem and role in nutrient cycling, 5)  experimentally test the effects of leaf 
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defoliation (as by major disturbance) on selected species of ferns, 6)  ultimately, to detect 
general patterns in the roles that ferns play in the ecosystem. 
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LUQUILLO LTER:  UNDERSTANDING CHANGE  

IN ECOSYSTEMS OF NORTHEAST PUERTO RICO 

 

ANNUAL REPORT 2007-2008: FINDINGS 

This document reports findings and results of the Luquillo Long-Term Ecological 
Research Program during 2007-2008.  Results are roughly organized according to the 
main questions of the current phase of research in Luquillo LTER, plus there is a section 
on other Luquillo LTER studies.  Goals and methods of Luquillo LTER are mainly found 
in the Activities section of this report.  Researchers surnames are given in parentheses 
following the title of each section.  Relevant publications from 2008-2008 follow each 
section. 
 
 

SUMMARY OF FINDINGS 

Canopy Trimming Experiment 
·  In the Canopy Trimming Experiment (CTE): 1) soil moisture was higher and litter 

moisture was less in trimmed than in untrimmed plots, 2) debris additions increased 
soil respiration under a closed canopy, while canopy trimming significantly decreased 
soil respiration, 3) soil respiration declined most strongly in the treatment that 
combined canopy trimming and debris removal, 4) the canopy trimming with debris 
kept in situ resulted in increased N2O emissions in all blocks. 

·  Also in the CTE: 1) canopy trimming reduced abundance, overall biomass, and 
diversity of litter invertebrates, compared to untrimmed plots, 2) microbial 
community composition changed after the trimming, more from canopy opening than 
from debris redistribution, 3) the fungal to bacteria ratios decreased when the canopy 
was opened, which means that the bacterial biomass increased, and 4) trimmed plots 
had lower litter decay rates, at least until canopy closure.  

Landslides 
·  On landslides we determined that neither slope stability nor organic matter controlled 

plant colonization.  Instead, soil factors (total nitrogen, clay, sand, water-holding 
capacity) and elevation predicted initial plant colonization on landslides.   

Biogeochemistry 
·  In a cross-biome study we showed that stream nitrate uptake is quantitatively 

significant to watershed nitrogen dynamics.  The best predictor of variability across 
all biomes in both nitrate uptake and denitrification is nitrate concentration, with 
higher nitrate concentrations resulting in higher rates of denitrification. 

·  Our nitrogen studies have revealed the presence of high nitrogen loadings in guano 
from natural bat populations in cave streams. 
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·  Dissolved organic carbon draining from forested watersheds is less concentrated and 
seems more refractory than DOC draining from highly urban watersheds.  

In a rain exclusion experiment we measured a significant decrease in soil respiration rates 
with decreased throughfall.  

·  White-rot basidiomyete fungi were found to accelerate the rate of leaf decomposition 
by 16-20% beyond that of microfungi in field experiments. 

Disturbance, forest response, intraspecific effects among trees 
·  After 15 years of forest response to hurricane disturbance, aboveground forest 

biomass returned to pre-hurricane levels, while total species richness, diversity and 
stem densities exceeded pre-hurricane levels. 

·  Nutrient concentrations in leaves and wood were different between co-existing forest 
dominants, between species whose stem densities were negatively correlated, and 
between groups defined as light and low-light demanding species.  

·  A SORTIE forest model shows that both the severity and frequency of hurricanes 
play a role in maintaining the population of species that would become rare in the 
absence of storms, but that species responses to hurricanes are not easily predicted 
from their life history attributes.  Also, land use legacies are likely to persist for 
centuries, but over time the differences between areas that were altered by humans 
and those that were relatively untouched would gradually become more similar in 
structure.   

·  We studied tree community dissimilarity in time and at various spatial scales.  The 
forest at El Verde, Puerto Rico, is disturbed mainly by hurricanes, while the forest at 
Barro Colorado Island, Panama, is disturbed mainly by individual treefalls.  In both 
forests community dissimilarity declined sharply from a quadrat size of 0.01 ha (i.e., 
small areas tended to have large changes in species composition through time) to an 
inflection point near 0.08 ha (at which size changes in species composition were 
small in time).  Thus, based on the scale of forest regeneration, disturbance regimes in 
the two forests appeared to be similar. 

·  Census data from the Luquillo Forest Dynamics Plot shows that alien tree species 
planted by farmers decades ago and alien species that have entered the forest 
naturally have varied in population trends.  Four species changed little over the 15-
year study period.  Six species declined in the interval between Hurricanes Hugo and 
Georges, then increased again after Georges.  One species increased and another 
decreased through the 15-year study period.   

·  Conspecific neighbors affect tree seedling survival negatively at both BCI and El 
Verde.  However, conspecifics at El Verde had a more negative effect on seedling 
survival, and there was more variation among species at El Verde than at BCI. 

Trophic interactions 
Plants and plant litter are selectively eaten by herbivores and detritivores, and impacts on 

plants and litter through this selective feeding can alter microbial communities, 
resulting in changes in decomposition, nutrient cycling and primary productivity.  In 
our study herbivore presence significantly reduced decomposition rates, but the 
presence of detritivores did not significantly affect decomposition rates.   
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The Trophic Interaction Model was parameterized with values available from Luquillo or 
from other rainforest sites.  Results indicated that consumers have the potential to 
modify plant production in the Tabonuco forest through their effects on nutrient 
dynamics and plant species composition.   

Patterns on the elevation gradient 
·  We determined the optimal conditions for Cyrilla racemiflora, a dominant tree at 

upper elevations in the Luquillo Mountains.  With a temperature increase of 1.5° C 
the optimal location of C. racemiflora could shift from 650 m to 900 m in elevation; 
with and increase of 2.5° C there would be no optimal habitat for C. racemiflora in 
the Luquillo Mountains.  

The diversity of bacterial phylotypes increases with elevation, particularly when 
comparing dry coastal forest and elfin (high elevation) forest.   

We used the macroinvertebrate fauna of bromeliads from three different tropical forest 
types in the Luquillo Mountains to address the roles of top-down, bottom-up, and size 
factors on variation in species richness.  The importance of top-down and bottom-up 
factors depended on forest type.  The model including both top-down and bottom-up 
factors was the most supported model in tabonuco and in palo colorado forests.  In 
contrast, models containing bottom-up factors with or without effects of bromeliad 
size were most supported in the elfin forest   

Human impacts on streams, other stream results 
·  Contrary to what has been proposed for urban streams from temperate regions, urban 

streams in Puerto Rico maintain their native fish fauna, along with several exotic 
species. 

·  In natural forested streams, leaf breakdown is mainly controlled by shrimp and 
insects, our studies show that fauna play only a minor role in urban rivers.  Leaf litter 
breakdown in tropical urban streams is strongly controlled by changes in flow and 
sediment movement, rather than consumer activity.   

·  Stream habitat quality for snails as revealed by RAPs (Rapid Assessment Protocols) 
decreases in a downstream direction, particularly outside the boundaries of El Yunque 
National Forest. 

·  The range of variation of riparian quality does not predict instream physical habitat 
quality. 

·  Results suggest an historic decline in species richness and abundance in the estuarine 
fish community of the Río Espíritu Santo, with greater declines in freshwater-tolerant 
than marine or euryhaline species. Declines in freshwater inflow to the estuary, due to 
large-scale upstream water abstractions for municipal use, have increased since the 
1977. 

·  Using and index of bi-directional riverine connectivity (IBRC), we classified 17 water 
intakes in streams draining the Luquillo Mountains as having low, moderate, or high 
connectivity in terms of shrimp migration.  A comparison of two streams showed that 
the stream characterized by highest water withdrawal by humans had low 
connectivity, even during wet periods. 

·  Populations of detritivores and omnivores in streams are critical for breaking down 
organic materials and providing essential ecosystem services.  Food-web connections 
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in these montane streams modify how energy flows affect nutrient cycling as well as 
nutrient storage in populations of the top-trophic level consumers. 

Urban heat island 
·  In San Juan temperature fluctuations have a 5 to 15 times greater impact on electricity 

consumption than electricity prices or income.  Up to 53% of the electricity 
consumption in urban areas is spent mitigating temperature increases caused by urban 
heat islands.  This amounts roughly to 1.9 billion dollars per annum in electricity 
costs.  

Atmospheric chemistry 
·  Continental air masses with pollution from North America, dust from Africa, and 

volcanic ash from Montserrat island affect the chemical and physical properties of 
aerosol, cloud, and rainwater in Puerto Rico. 

·  African dust inputs can be an important source of nutrients, such as nitrogen, for the 
forest 

Plant reproduction 
·  At El Verde and at BCI seasonal variation in the number of species flowering and 

fruiting was consistent with the hypothesis that seasonal variation in irradiance limits 
the evolution of reproductive phenologies.  There was no evidence for a similar role 
of moisture availability.  Thus, community-wide phenologies reveal a strong 
signature of seasonal changes in irradiance, even in those forests that exhibit some 
degree of seasonality in rainfall. 

·  Data from Puerto Rico show the impact of two Hurricanes on interannual patterns of 
plant reproduction, which obscured any long-term trends in reproductive patterns.  In 
Panama elevated fruit production occurred in El Niño years, and there has been a 
long-term increase in flower production by trees (1.1% per year) and lianas (4.5% per 
year), suggesting an effect of climate change.   

·  Initial findings show that there is no male bias in population numbers for three 
dioecious tree species, Cecropia schreberiana, Dacryodes excelsa, and Tetragastris 
balsamifera.  This contradicts theories suggesting that male-biased sex ratios should 
occur because females have higher resource needs for producing seeds, and therefore 
there are likely to be lower numbers of female plants.  Also there were no differences 
in growth rates between males and females in any of the species.   

Bat communities in the Caribbean 
·  Inter-island distance had a greater effect on compositional similarity of Caribbean bat 

assemblages than did island area, elevation or disturbance related to hurricanes.  
Differential immigration and hierarchical habitat distributions associated with 
elevational relief are likely to be primary causes for nestedness of Caribbean bat 
assemblages. 

Bird populations in tabonuco  forest 
·  Bird populations continued to fluctuate annually after a long period of relative 

stability from 1989-2001.  In 2002, bird populations were the lowest that they had 
been during the period of record.  Numbers recovered beginning in 2003 and peaked 
in 2005.  However, another decline was seen in 2006 through 2008.  Thus, there is an 
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indication of a cyclic process, but there are insufficient data at present to evaluate this 
trend.   

 
FINDINGS IN DETAIL 
 
 
1.  WHAT CONTROLS VARIATION IN C AND NUTRIENT FLUXE S, AND 

HOW ARE THESE VARIATIONS MODIFIED BY DISTURBANCE?   

 

The Canopy Trimming Experiment (CTE) 
CTE: the experiment  (see Activities for more detail) 

The experimental manipulations involve four treatments in each of three blocks 
(thus three replicates of each treatment): 
5. Canopy trimmed and trimmed biomass (debris) distributed on forest floor.  This 

simulates the changes in microclimate and redistribution of biomass created by a 
hurricane. 

6. Canopy trimmed and trimmed biomass removed from the plot.  This simulates the 
changes in microclimate openness created by the hurricane without the associated 
redistribution of biomass. 

7. Canopy not trimmed but canopy biomass from a trimmed plot distributed on the 
forest floor.  This simulates the changes in redistribution of biomass created by the 
hurricane without the associated change in microclimate. 

8. Canopy not trimmed and no canopy biomass added to forest floor.  This maintains the 
forest unmodified by simulated hurricane disturbance. 

CTE: soil and litter mat moisture  (Lodge)  
Unlike soil moisture (Fig. 1), litter moisture was less in trimmed than in untrimmed plots 
(Fig. 2), and the treatment results only converged in early 2007, when canopy cover also 
converged.  These results are consistent with findings in treefall gaps, where soil 
moisture increases in gaps, presumably because there is reduced root uptake.  The litter 
layer, however, would tend to dry out in the trimmed plots, as it is more exposed than 
intact canopy controls to light and moving air. 
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Figure 1 – Soil moisture in four treatments pre- and post-trimming in the Canopy 
Trimming Experiment.  The decline of soil moisture decline after February 2005 may be 
merely a result of seasonal change in rainfall.  The larger, subsequent increase in trimmed 
plots probably results from reduced root uptake.  
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Litter Moisture 
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Figure 2 – Litter moisture in four treatments pre- and post-trimming in the Canopy 
Trimming Experiment.   The solid line represents untrimmed plots; the dashed line 
represents trimmed plots.  
 
 
CTE: soil Respiration and gas fluxes  (Silver) 
We saw large and significant effects of canopy trimming and debris treatments on soil 
respiration (Fig. 3).  Debris additions increased soil respiration under a closed canopy, 
while canopy disturbance significantly decreased soil respiration.  As expected, soil 
respiration declined most strongly in the treatment that combined canopy trimming and 
debris removal. Treatments did not appear to significantly affect the seasonal pattern of 
soil respiration but altered the amplitude of peaks and troughs. 

Nitrous oxide (N2O) and methane (CH4) fluxes also responded to the 
manipulations. There was a significant block effect on N2O emissions. The canopy 
trimming with debris kept in situ resulted in increased N2O emissions in all blocks. 
However, the greatest increase in N2O emissions observed occurred in block C in the 
canopy trimming and debris removal treatment.  Patterns in CH4 fluxes also differed by 
block. The trimming increased CH4 fluxes in two of the three blocks. Debris addition 
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under a closed canopy resulted in higher CH4 effluxes in one block, and debris removal 
following canopy trimming increased CH4 emissions in one block. We are currently 
exploring the relationships among trace gas dynamics, soil moisture, and temperature. 
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Figure 3 – Soil respiration in the Canopy Trimming Experiment.  Dropped = canopy 
trimmed and debris kept in situ.  Removal = canopy trimmed and debris removed.  Added 
= intact canopy with debris added.  Control = no manipulation.  
 
 
CTE: litter invertebrates  (Richardson, González) 
Canopy trimming reduced animal abundance of many taxonomic groups, and it reduced 
biomass and diversity, compared to untrimmed plots.  Trimmed plots had lower litter 
decay rates, at least until canopy closure.  In a litter bag experiment litter type (fresh or 
senescent) and mesh size of litter bags had few effects on animal parameters.  Addition of 
debris had no major effect, and this appears to have been due to the herbivory of leafy 
material before distribution to the plots.   

CTE: soil microbes  (Cantrell) 
In our study of soil microbes in the CTE, pre-treatment soil samples from November 
2002 to August 2003 were compared with post-treatment samples from July 2005 to June 
2006, based on fatty acids composition and DNA analysis. The results suggest that the 
microbial community composition changed after the trimming, more from canopy 
opening than from debris redistribution (Fig. 4). This is also supported by the analysis of 
the fungal to bacteria ratio. The fungal to bacteria ratios decreased when the canopy was 
opened, which means that the bacterial biomass increased (Fig.4).  The leaf litter 
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microbial community was not affected by canopy opening or by debris redistribution.   
 
 

 
 
Figure 4  - Soil fungal to bacterial ratio through time in the CTE. There are significant 
differences between treatments.  NOT +T = no canopy trimming, with debris added.  
T+D = canopy trimming with debris remaining in situ.  T-D = canopy trimming, with 
debris removed.  
 
 
CTE:  leaf litter decomposition  (Cantrell, Rivera-Figueroa, Ortíz-Hernández, Cruz 

Rodríguez, Pérez-Jiménez, Bonilla Rivera, Santiago Rivera) 
Decomposition of leaf litter and inferred roles of fungi and bacteria were monitored in a 
twelve month period in the Canopy Trimming Experiment.  Our results show that the 
concentration of DNA and the diversity of phylotypes are not significantly different 
between treatments but change significantly through time.  This means that the microbial 
community is seasonal.  Also, the diversity of fungal phylotypes decreased though time 
both in the green and fresh fallen leaves (Figs. 5 and 6).  By contrast, bacterial phylotypes 
increased through time (Figs. 5 and 6).  This indicates a succession of microorganisms 
while the leaf is decomposing.  Fungi will colonize first, and after the fungi degrades the 
lignin and cellulose to simple compounds, bacterial and sugar fungi can then colonize the 
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leaf (Ortíz-Hernández. 2008.  MS thesis).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 - Number of bacterial (A) and fungal (B) phylotypes  
in green leaves through time in the CTE treatments.  T + D = trim + debris; NT + 
D = no trim + debris. 
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Figure 6.  Number of bacterial (A-C) and fungal (D-F) phylotypes  
in fresh fallen leaves, as a function of time and treatment (see legend Fig. 5). 

 
 
Ortíz-Hernández, M.  2008.  Comunidades microbianas presentes en la hojarasca en 

diferentes estados de descomposición con o sin la abertura del dosel y la adición de 
detrito. Universidad del Turabo, Master’s Thesis. 

Rivera-Figueroa, F. J.  008.  Efecto de un disturbio natural en el perfil de ácidos grasos de 
comunidades microbianas en el Bosque Experimental de Luquillo en Puerto Rico. 
Universidad del Turabo, Master’s Thesis. 

 

CTE: spatial patterns of leaf litter  (González, Zalamea, Gould) 
Using the CTE litter samples we determined that leaf litter falls widely from source 
plants.  Analysis of tree species proximity to litter traps showed that tree height and 
crown area were the main factors determining relative abundances of a species litter in 
litterfall samples, while distance to trap and leaf area were not significant. 
 

Landslides  (Walker, Shiels) 
Like hurricanes, global climate change is expected to alter the frequency of landslides in 
the Caribbean.  We have focused our recent research on determining how landslides and 
hurricanes alter community and ecosystem function, with particular focus on organic 
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matter dynamics following such disturbances.  We tested previous hypotheses that 
vegetation recovery on Puerto Rican landslides is largely determined by slope stability 
and organic matter.  Across 30 recent (previous 13 months) landslides in the Luquillo 
Mountains, we found that neither slope stability nor organic matter controlled plant 
colonization.  Instead, soil factors (total nitrogen, clay, sand, water-holding capacity) and 
elevation predicted initial plant colonization on landslides.  There are two major soil 
types in the Luquillo Mountains, and the resulting life-forms of plants colonizing 
landslides reflected these differences in soil type (Shiels et al. 2008).  Additionally, we 
have focused on the carbon dynamics on these 30 recent landslides (Walker and Shiels, in 
press).  We found that high amounts of soil and carbon are lost from a landslide after the 
initial landslide disturbance.  When modeled over a year, we estimate that 6-24% of the 
soil carbon standing stock erodes from Luquillo Mountains landslides.  Finally, we 
modeled long-term carbon dynamics on landslides in the Luquillo Mountains and found 
that landslides represent a net downslope loss of carbon, despite carbon deposition from 
surrounding forest soil and leaf litter as well as in-situ successional regrowth.    

Shiels, A. B., C. A. West, L. Weiss, P. D. Klawinski, and L. R. Walker.  2008.  Soil 
factors predict initial plant colonization on Puerto Rican landslides.  Plant Ecology 
195:165-178. 

Walker, L. R., and A. B. Shiels.  In press.  Post-disturbance erosion impacts carbon 
fluxes and plant succession on recent tropical landslides.  Plant and Soil. 

 

Biogeochemistry: iron reduction and soil oxygen  (Silver) 
We have been conducting field and laboratory studies to examine the controls on iron 
reduction and the relationships between soil oxygen concentrations and other nutrient 
cycles.  In the lab we added dissolved carbon from leaf leachate in various concentrations 
to soils from the Bisley watershed.  After one month we observed a significant increase in 
reduced iron and an increase in pH related to the amount of C added, suggesting that C 
supply can limit iron reduction.  In addition, the results were similar when an equivalent 
amount of C in the form of acetate was added instead of leaf leachate. 

In the field we monitored oxygen concentrations hourly in buried chambers for 
four months in the Bisley watershed (mid elevation) and are currently collecting data in 
the elfin (high elevation) forest.  At Bisley, mean soil oxygen concentrations ranged from 
1-16%.  While some chambers remained either near ambient or near anoxic conditions, 
most chambers exhibited fluctuations at irregular frequencies and amplitudes.  In some 
cases, the fluctuations were rapid (up to 10% change in concentration in a day), while in 
others the concentrations would change gradually over a period of weeks.  Further, even 
though the chambers were all located less than 10 m apart from each other, the 
fluctuations did not occur systematically, but rather individually by chamber.  Trace 
gases were also monitored in the chambers, with extremely high carbon dioxide 
concentrations in the soil, ranging from 2-12%.  The soils within the chambers were 
collected and extracted for different forms of phosphorus and iron, but there was little 
evidence for relationships between these soil extracts and soil oxygen concentrations.  
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Stream chemistry 
Stream chemistry: stream nitrate uptake  (McDowell, Potter) 
Stream nitrate uptake is quantitatively significant to watershed nitrogen dynamics, 
especially at the scale of the drainage network.  About half of nitrate N is taken up in 
typical drainage basins.  Much of this total nitrate uptake is due to denitrification.  The 
best predictor of variability across all biomes in both nitrate uptake and denitrification is 
nitrate concentration, with higher nitrate concentrations resulting in higher rates of 
denitrification (Fig. 7).  The efficiency of this N removal pathway decreases at high 
concentrations, however, meaning that the “ecosystem service” of nitrogen removal is 
impaired at the high concentrations found in urban and agricultural streams (Fig. 7).    
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Figure 7 - Nitrate uptake versus nitrate concentration. 
 
 
Potter, J. D.  2007.  Denitrification drives total nitrate uptake in small Puerto Rican 

streams.   Master’s Thesis, University of New Hampshire.   
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Mulholland, P. J., A. M. Helton, G. C. Poole, R. O. Hall Jr, S. K. Hamilton, B. J. 
Peterson, J. L. Tank, L. R. Ashkenas, L. W. Cooper, C. N. Dahm, W. K. Dodds, S. E. 
G. Findlay, S. V. Gregory, N. B. Grimm, S. L. Johnson, W. H. McDowell, J .L. 
Meyer, H. M. Valett, J. R. Webster, C. P. Arango, J. J. Beaulieu, M. J. Bernot, A. J. 
Burgin, C. L. Crenshaw, L. T. Johnson, B. R. Niederlehner, J. M. O’Brien, J. D. 
Potter, R. W. Sheibley, D. J. Sobota, S. M. Thomas.  2008. Stream denitrification 
across biomes and its response to anthropogenic nitrate loading.  Nature 452:202-
206. 

 

Stream chemistry: nitrogen loading in cave streams  (Conde, Ortiz) 
Our nitrogen studies have revealed the presence of high nitrogen loadings in guano from 
natural bat populations in cave streams (Fig. 8).  These data show that nitrate 
concentrations in these cave systems can be as high as that in rivers draining highly 
urbanized areas of San Juan.   

��������
Figure 8 -  Downstream changes in nitrogen species concentration along a tropical cave 
stream in Puerto Rico. 
 
  
Stream chemistry: dissolved organic carbon  (Conde, Ortiz) 

Related to carbon studies, we have found that the dissolved organic carbon (DOC) 
draining from forested watersheds is less concentrated and seems more refractory than 
DOC draining from highly urban watersheds, particularly in small to mid size streams 
(order 1 to 3).  In large streams DOC (order 4) is typically at higher concentrations and 
seems more labile.  There are clear differences in the quantity and quality of DOC in 
rivers exposed to different human effects from highly forested (Río Mameyes-M) to 
highly urban (Río Piedras-P) (Fig. 9).  The Río Canóvanas (C) represent a middle 
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condition of human influences.  The data also show that forested watersheds show less 
variable DOC than more urban watersheds in which the variance (both in terms of 
quantity and quality of DOC) increases.   
 

��������
 
Figure 9 - Relationship between DOC quantity (x-axis) and biochemical oxygen demand 
as a surrogate for DOC quality (y-axis) in three tropical rivers exposed to different levels 
of human disturbance: Low at Río Mamayes (M), medium at Río Canovanas (C), and 
high at Río Piedras (P).  
 
 
Long-term hurricane effects on stand structure and nutrient distributions  

(Heartsill-Scalley, Scatena) 
Research on the hurricane-caused vegetation change in tabonuco forest at Bisley has 
demonstrated the following patterns of stand composition and nutrient distributions: 
·  After 15 years of forest response to hurricane disturbance, aboveground biomass 

returned to pre-hurricane levels while total species richness, diversity and stem 
densities exceeded pre-hurricane levels. 

·  Nutrient concentrations in leaves and wood were different between co-existing forest 
dominants, between species whose stem densities were negatively correlated, and 
between groups defined as light and low-light demanding species (Fig. 10).  

·  The six species whose abundances were negatively correlated with the forest 
dominant, Dacryodes excelsa, all had higher concentrations of macronutrients than 
the dominant.   

·  Because of similarities in wood chemistry, mass weighted concentrations of 
aboveground biomass were relatively constant through time and between 
composition-based community groups. 
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Figure 10 – Nutrient concentrations in leaves and wood were different between tree 
groups defined as light and low-light demanding species and between dicot trees and 
palms in tabonuco forest in the Bisley Waterhseds after 15 years of regrowth following 
damage by Hurricane Hugo. 
 
 
The scaling of forest regeneration: are all disturbance regimes the same? 

(Zimmerman, Comita, Brokaw, Thompson) 
We asked whether the patch structure of regeneration in a forest affected by hurricane 
disturbance was different from the patch structure in a forest only disturbed by local 
storms and treefalls.  The local meteorology of cyclonic storms appears to produce gaps 
of about 0.1 ha, not much different from treefall gaps (0.01 to 0.1 ha) produced by local 
storms.  To study this, we analyzed patterns of community dissimilarity between 5-yr 
censuses in two large forest dynamics plots (FDP).  The forests represented by the plots, 
the Luquillo FDP (LFDP; 16 ha) in eastern Puerto Rico and Barro Colorado Island (BCI) 
FDP (50 ha) in Panama have different storm regimes.  The LFDP suffered two severe 
hurricanes during the observation period (1990-2005) and the BCI FDP had many 
treefalls in 25 years of observations, but no hurricanes.  Assuming that patch structure of 
tree species composition reflects disturbance patch size we compared how community 
dissimilarity (Morista-Horn Index) varied with patch size using quadrat sizes ranging 
from 0.01-2.5 ha to see if inflection points existed (i.e., there is a patch structure in the 
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forest), and if they did, were the inflection points (patch sizes) different for each forest 
(Fig. 11).  Community dissimilarity among census intervals declined sharply from a 
quadrat size of 0.01 ha (i.e., small areas tended to have large changes in species 
composition through time) to an inflection point near 0.08 ha (at which size changes in 
species composition were small) in both forests.  Thus, viewed from the perspective of 
the scaling of forest regeneration, disturbance regimes in the two forests appeared to be 
quite similar.  (See sections 3 and 4 below for more results from the LFDP.) 
 

 
 
Figure 11 – Tree community dissimilarity through time and as a function of patch size in 
forests at Barro Colorado Island, Panama, and El Verde, Puerto Rico.  Inflection points 
occur in both forests at about 0.08 ha.  Dissimilarity is higher at BCI because species 
richness is higher there.   
 
 

Trophic interactions  (Prather, Belovsky, Crowl) 
Plants and plant litter are selectively eaten by herbivores and detritivores, and impacts on 
plants and litter through this selective feeding can alter microbial communities, resulting 
in changes in decomposition, nutrient cycling and primary productivity.  In this study 
using controlled communities of selected plant and animal species, we seek to understand 
the impacts these groups have on a tropical forest.   

Trophic interactions: decomposition rates  
Herbivore presence significantly reduced decomposition rates, but the presence of 
detritivores did not significantly affect decomposition rates.  This reduction was 
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amplified in light gaps.  Also, preliminary TRFLP and ARISA results show that 
herbivore presence reduces the number and relative abundances of fungal and bacterial 
groups.  Treatments had larger effects in intact canopy sites.  In these sites, presence of 
either consumer increased leaf biomass.  It is hypothesized that the frass and 
decomposing bodies of these organisms, which decompose rapidly in this forest, allowed 
for higher nutrient availability to plants in intact canopy sites.  In gap sites, the relative 
impact of the treatments making nutrients more available was diminished because of the 
greater light availability. 
 
Trophic interactions: modeling 
The Trophic Interaction Model (TIM) was parameterized with values available from 
Luquillo or from other rainforest sites.  The model was then run using either nitrogen or 
phosphorus as limiting nutrients for all trophic levels or phosphorus or nitrogen limiting 
plant growth and the other nutrient limiting consumer populations.  The model was also 
examined for with (hurricane created light gaps) and without disturbance (intact canopy). 
Results indicated that consumers have the potential to modify plant production in the 
Tabonuco forest through their effects on nutrient dynamics and plant species 
composition.   

Many of the available model parameters from Luquillo are not precise enough, or 
must be obtained from rainforests elsewhere, to be able to ascertain with any degree of 
certainty whether consumers should increase or decrease plant production at Luquillo.  A 
workshop with LUQ-LTER researchers is planned in January, 2009 to see if better 
estimates of model parameters or improved future measurements can be obtained for the 
model so that it can be employed to better address consumer effects.  In addition, 
parameters specifically obtained for TIM from the above described experiments will be 
employed to better parameterize the TIM model for the experimental exclosures. 

Trophic interactions: herbivores, detritivores and ecosystem processes  
In the eight-month decomposition experiment four litter types were tested: senesced 
(brown) mixed litter, fresh (green) mixed litter, senesced Miconia prasina litter, and 
scenesced Piper glabrescens litter.  The fastest decomposing litter was the P. 
glabrescens, followed by the green mixed litter, the M. prasina, and finally the senesced 
mixed litter.  Both the green mixed litter and the P. glabrescens decomposed significantly 
faster than the other two types of litter.  Time, litter type, and time*litter type were 
significant, using repeated measures ANOVA (p<0.001). Canopy cover (light gap or 
intact canopy) was not significant in the rate of decomposition of any of the litter (Fig. 
12). 
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Figure 12 - Mass remaining over time in light gap and intact canopy (forest) sites. 
 
 
The treatment effect of the experiment was significant (Figs. 13, 14).  Herbivores 
significantly reduced leaf decomposition, while detritivores did not.  It is proposed that 
the herbivores selectively feed on the P. glabrescens litter, which is the fastest 
decomposing litter type and consequently the more easily digestible leaf material.  From 
the plants in cages, Miconia and Piper, much more Miconia litter reaches the floor of the 
cage since it is not being eaten.  Therefore, a lower quality litter exists on the floor of the 
exclosures with herbivores than where the herbivores are not present. 
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Figure 13 - Mass remaining over time in light gap and intact canopy sites. 
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Figure 14 - Percent mass remaining for last time point between treatments. 
 
 
To test the mechanism behind the herbivore reduction of decomposition, a microbial litter 
decomposition experiment was begun.  Preliminary results from TRFLP show no 
differences in numbers of fungal groups between gap and intact canopy sites, or between 
fast and slow decomposing litter, but show higher numbers of bacterial groups on fast 
decomposing litter, compared to slow decomposing litter (Figs. 15a, 15b).  No treatment 
effect has been detected in this experiment to date. 
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Figure  15 - (a) Numbers of fungal groups in intact canopy (forest) and light gaps and on 
fast and slow decomposing litter. (b) Numbers of bacterial groups in intact canopy 
(forest) and light gaps and on fast and slow decomposing litter.

�����������	����
	��������

�

��

��

��

��

��

��

��

��

�

���
���

���
���

���
�

���

 ��
��

!"�#���$%

"��#&���%

��������������	����������������

�

��

��

��

��

��

��

�

���
���

���
���

���
�

 ��
��

���

!"�#���$%

"��#&���%

(a) 

(b) 



Luquillo LTER Annual Report 2007-2008:  Findings 
 

 page 35 

Aboveground primary productivity has been measured for the duration of the experiment.  
As expected, the most striking differences in aboveground primary production are found 
between light gaps and intact canopy sites as demonstrated by total leaf biomass in Figure 
5.  Treatment effects are different between plant species and light gaps and intact canopy 
sites (Figs. 16-18).  
 

 
 
Figure 16 - Total leaf biomass at one time point in the intact canopy (F) and gap (G) sites 
between different treatments (control=C, detritivore=D, herbivore + detritivore=HD, total 
exclusion=TE).  There was a significant difference between sites, but not between 
treatments. 
 
 
Although there are no significant differences at this one point in the experiment between 
treatments in light gap and intact canopy sites, there are interesting trends.  In general, M. 
prasina and P. glabrescens have opposite patterns of leaf biomass in gap sites, with M. 
prasina having the highest biomass in detritivore treatments and lowest in total exclusion, 
and P. glabrescens having the opposite trend (Fig. 17).  In intact canopy sites, the two 
species have similar trends of leaf biomass between treatments, except in the total 
exclusion treatment where P. glabrescens has higher leaf biomass than M. prasina and 
also higher leaf biomass when compared to P. glabrescens in the other treatments (Figure 
18).  It is hypothesized that when light is limited, M. prasina responds to high quality 
inputs such as frass from any consumer organism (herbivore or detritivore), while P. 
glabrescens is able to outcompete M. prasina when these inputs are not present.   
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Figure 17 - (a) Total Piper glabrescens (striped bars) and Miconia prasina (dark bars) 
leaf biomass at one time point in the gap sites between different treatments (control=C, 
detritivore=D, herbivore + detritivore=HD, total exclusion=TE). (b) Total Piper 
glabrescens biomass in gap sites. 
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Figure 18 - Total Piper glabrescens (striped bars) and Miconia prasina (dark bars) leaf 
biomass at one time point in the intact canopy sites between different treatments 
(control=C, detritivore=D, herbivore + detritivore=HD, total exclusion=TE). 
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Relative root biomass is significantly higher in the detritivore and control plots compared 
to the herbivore plus detritivore and total exclusion treatments (Fig. 19). A mechanism 
for this difference has not yet been determined.  
 
 
 

 
 
Figure 19  -  Relative root biomass in soil cores at one time point between different 
treatments (control=C, detritivore=D, herbivore + detritivore=HD, total exclusion=TE). 
 
 

Drought experiment  (Wood, Silver) 
Decreased throughfall in rain exclusion shelters led to a significant decline in soil 
moisture; the effects were greatest on ridges (Fig 20).  We also measured a significant 
decrease in soil respiration rates with decreased throughfall (Fig. 21).  The effects were 
greatest in the slope and ridge sites; we saw only a short-term decline in palm sites. 
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Figure 20 – Soil moisture in control and shelter (rain excluded) sites in the Luquillo 
Mountains.
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Figure 21 – Soil CO2 efflux in control and shelter (rain excluded) sites in the Luquillo 
Mountains. 
 
 
2.  ARE CHANGES IN TEMPERATURE, RAINFALL, LIGHT AND  WIND 

(CLIMATE) ALONG THE LUQUILLO ELEVATION GRADIENT 
SUFFICIENT TO EXPLAIN VARIATION IN BIOGEOCHEMICAL 
PROCESSES AND BIOTIC STRUCTURE?   

Distribution of Cyrilla racemiflora (palo colorado) on the elevation gradient  (Lash, 
Hall) 

The goals of this study were to: 1) determine distribution and growth of Cyrilla 
racemiflora, a dominant tree, along the elevation gradient in the Luquillo Mountains, 2) 
test the hypothesis that C. racemiflora distribution and growth approach a normal curve 
along the elevation gradient, and 3) use computer simulation modeling to predict its range 
under future climate change scenarios.  Results indicate that: 1) both temperature and soil 
moisture are critical determinants of distribution and growth, 2) distribution, but not 
necessarily growth, of Cyrilla approaches a normal curve along the elevation gradient, 
and (3 with a temperature increase of 1.5° C the optimal location of C. racemiflora could 
shift from 650 m to 900 m in elevation; with an increase of 2.5° C there would be no 
optimal habitat for C. racemiflora in the Luquillo Mountains.  
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Basidiomycetes  (Lodge, McDowell) 
White-rot basidiomyete fungi were found to accelerate the rate of leaf decomposition by 
16-20% beyond that of microfungi in field experiments.  These data are consistent with 
those from gnotobiotic microcosm experiments.  Nitrogen loading decreased rates of 
mycelial mat expansion during the rainy season, but only decreased leaf trapping rates at 
high elevation in palo colorado forest.  Leaf trapping rates did not differ between nitrogen 
loading and control plots at low elevation in tabonuco forest at Bisley.  Litter mats moved 
uphill on steep slopes but were pushed downhill by overland flow on shallow slopes in 
valleys.  Litter mats were most abundant on slopes, especially at low elevation.  Litter 
mat density is lowest, however, in palo colorado forest, and then increases in elfin (high 
elevation) forest. 

A synthesis of more than 20 years of research on the role of basidiomycetes that 
form litter mats in the Luquillo Mountains was published as a book chapter, including 
new data on responses of litter mats to nitrogen loading and litter mat density as a 
function of slope and elevation.  Three species of Xylaria in the neotropics were 
identified as restricted to high elevation forests in multiple countries, of which two occur 
in Puerto Rico. 

Lodge, D.J., W.H. McDowell, J. Macy, S.K. Ward, R. Leisso, K. Claudio Campos, and 
K. Kuhnert.  2008.  Distribution and role of mat-forming saprobic basidiomycetes in 
a tropical forest.   Pages 195-208 in Ecology of Saprobic Basidiomycetes, L. Boddy 
and J.C. Frankland, eds., Academic Press, Elsevier LTD., Amsterdam. 

Lodge, D.J., T. Læssøe, M.C. Aime and T.W. Henkel.  In press.  Montane and cloud forest 
specialists among neotropical Xylaria species. North American Fungi 3:193-213. 

 

Microbial communities  (Cantrell) 
Microbial communities: communities in different forest types  
The study was conducted in the Luquillo Mountains and the dry coastal forest at Las 
Cabezas de San Juan in Puerto Rico.  Results show that the diversity of bacterial 
phylotypes increases with elevation, particularly when comparing dry coastal forest and 
elfin (high elevation) forest (Table 1).  Also, there are strong seasonal spatial variations 
evident in the cluster analysis.  Samples from the dry coastal forest are more similar 
among them but show seasonality. 
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Table 1. Diversity of bacterial phylotypes in the different forest type. 

Forest Average 
Phylotype 

Lowest Number of 
Phylotype 

Highest Number of 
Phylotype 

Dry 34 12 64 

Tabonuco 37 16 58 

Palo Colorado 43 35 54 

Palm 45 16 89 

Elfin 43 20 67 

 
 
Microbial communities: sulphate reducing and crenarchaeota bacteria in the elfin forest  
The prevalence of sulfate-reducing (SRB) and crenarchaeota bacteria has not been as 
well-documented in terrestrial ecosystems as it has in seawater-related or extreme 
environments settings (deep-sea, estuarine, and mangal sediments).  Our objective is to 
assess the richness and endemicity of SRB and crenarchaeota bacteria in the elfin forest 
in the Luquillo Mountains.  Soil samples collected during June and December 2005 from 
plots at different depths (0-5 cm, 5-10 cm) were studied.  Total genomic DNA was 
extracted for PCR amplification and Terminal Restriction Fragment Length 
Polymorphisms (TRFLP) analysis. Also, amplicons were cloned for sequencing.  A 
diverse sulfidogenic and crenarchaeal assemblage is evident in the elfin forest.  There are 
spatial and temporal differences between the samples.  Clone libraries are revealing novel 
lineages that might be endemic to the Luquillo Mountains.  Sulfidogens and crenarchaota 
bacteria, known versatile degraders, seem to thrive within the saturated soils of the elfin 
forest with a potential role in decomposing complex substances from decaying trees. This 
is the first study that looks for sulphate reducing and crenarchaeota in the Luquillo 
Mountains.  
 

Top-down and bottom-up controls on species richness: an information theoretic 
approach  (Willig, Richardson) 

Global threats to biodiversity associated with climate or land-use change highlight the 
need to understand the mechanistic bases for variation in species richness.  Four inter-
related phenomena make this challenge daunting.  First, multiple environmental factors 
likely contribute to variation in richness.  Second, environmental factors may influence 
patterns of species richness via direct or direct pathways. Third, both top-down and 
bottom-up forces may contribute to general patterns.  Finally, the relative roles of all 
three may be context dependent and differ over time or among habitat types. Bromeliads 
harbor aquatic habitats and are ideal, naturally occurring model systems for exploring 
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factors affecting variation in species richness.  They contain discrete aquatic communities 
separated from other such communities by a terrestrial sea.  Moreover, energetic inputs to 
such systems derive from allocthonous materials: detrital inputs external to the plant form 
the energetic base of the food web.  We used the macroinvertebrate fauna of bromeliads 
from three different tropical forest types in the Luquillo Mountains to address the roles of 
top-down, bottom-up, and size factors on variation in species richness (Fig. 22).   

Compared to bromeliads from tabonuco and palo colorado forest, those from elfin 
forest were smaller, contained less detrital biomass, harbored fewer predator individuals 
and species, and supported fewer detrital individuals and species.  Moreover, the 
association between detrital species richness and each of the other factors was positive, 
except in elfin forest, where the association between detrital species richness and 
bromeliad size was negative. The importance of top-down and bottom-up factors 
depended on forest type.  The model including both top-down and bottom-up factors was 
the most supported model in tabonuco and in palo colorado forests (� j = 0); however, 
models that included bromeliad size in addition to top-down and bottom-up factors were 
supported as well.  In contrast, models containing bottom-up factors with or without 
effects of bromeliad size were most supported in the elfin forest (i.e., top-down effects 
were not well supported).  In tabonuco forest, indirect effects were stronger than direct 
effects (0.16 versus 0.08) for top-down factors, whereas indirect effects were weaker than 
direct effects (0.11 versus 0.25) for bottom-up factors.  In palo colorado forest, indirect 
effects were stronger than direct effects for top-down factors (0.32 versus 0.09) as well as 
for bottom-up factors (0.31 versus 0.09).  In elfin forest, indirect effects were weaker than 
direct effects (0.15 versus 0.29) for bottom-up factors, with top-down factors having little 
effect. 
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Figure 22 - Results of path analyses within each of three forest types, quantifying the 
role of top-down and bottom-up factors in affecting variation in species richness of 
detritivorous macroinvertebrates.  The widths of arrows indicate the magnitude of 
standardized path coefficients. All variables were log-transformed prior to analysis. 
 
 
 
3. HOW IMPORTANT ARE CHANGES IN LAND-USE IN DETERMININ G 

LONG-TERM ECOSYSTEM BIOGEOCHEMISTRY, BIOTIC STRUCTU RE, 
AND SERVICES?   

Human impacts on streams 
Human impacts on streams: urban streams  (Ramírez) 
One of the major findings of our ongoing studies of urban streams is the composition of 
fish communities.  Contrary to what has been proposed for urban streams from temperate 
regions, urban streams in Puerto Rico maintain their native fish fauna.  The Río 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.   
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Other studies show that urban streams in Puerto Rico have temperatures that can 
reach 38 °C.  While microbial activity (e.g., respiration rates) can increase in response to 
increased temperature, it reaches a threshold at around 32 °C.  Therefore, urban stream 
function (e.g., microbial respiration) might be severely impacted by its relatively high 
water temperature.   

Results from our studies assessing factors controlling organic matter processing in 
urban streams show the dominance of abiotic over biotic controls.  While in natural 
forested streams, leaf breakdown is mainly controlled by shrimp and insects, our studies 
show that fauna play only a minor role in urban rivers.  Leaf litter breakdown in tropical 
urban streams is strongly controlled by changes in flow and sediment movement, rather 
than consumer activity.  This is the first tropical study on factors controlling leaf 
breakdown in urban rivers.   

Cross, W. F., A. Ramírez, A. Santana, and L. Silvestrini.  2008.  Toward separating the 
relative importance of invertebrate consumption and bioturbation in Puerto Rican 
streams. Biotropica 40:477–484.  DOI 10.1111/j.1744-7429.2007.00388.x.  

Ramírez, A.  2007.  Biodiversidad de insectos acuáticos y el funcionamiento de los 
ecosistemas. Entomología Acuática Mexicana: estado actual de conocimiento y 
aplicación.  ISBN: 978-968-5536-89-9. 

Human impacts on streams: stream habitat quality and flow patterns  (Blanco, Scatena, 
Ortiz) 

Research on stream habitat quality, diadromous snails El Yunque National Forest 
Luquillo Mountains, and stream flow patterns in Puerto Rico revealed the following: 
1. Habitat quality as evidenced by RAPs (Rapid Assessment Protocols) decreases in a 

downstream direction, particularly off the boundaries of El Yunque National Forest. 
At several stream-road intersections at Mameyes instream habitat quality was reduced 
relative to 2007 due to recent civil works, as well as bank failures and streambed 
scour related to past works.  No change in instream and riparian habitat scores was 
observed at sites within the limits of the El Yunque National Forest. 

2. The range of variation of riparian quality at Río Mameyes, Río Espíritu Santo, and 
Río Grande does not predict instream physical habitat quality. 

3. Snail density is more closely correlated with instream quality than with riparian 
quality. Densities were lower than predicted by snail body size at sites with low 
instream quality scores. 

4. High waterfalls and “hydraulic filters” block the uppermost distribution of 
diadromous snails at both Río La Mina (tributary of Río Mameyes) and Quebrada 
Sonadora (Río Espíritu Santo). “Hydraulic filters” reduce the probability of 
colonization by snails at headwater reaches. These filters are steep gradient bedrock 
outcrops experiencing a strong stream power that erodes any particle, including 
snails, during storm flows. 

5. At a lower segment of the Río Mameyes (Route 3 and Westin Rio Mar golf course) 
monitored since 2000, a nuisance of filamentous algae was observed during the 
Summer 2008 possibly as a consequence of a steady decline of snail populations 
since 2003 and a prolonged drought.  Similar nuisances were also observed in several 
reaches along the Mameyes (e.g., Route 191 at Colinas del Yunque) where snails 
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have been locally reduced due to civil works to stabilize river banks alongside roads. 
Short-term (<1 month) and small-scale (<1 m2) algal nuisances have been observed in 
the past during a few weeks after stormflows; however, such blooms were controlled 
as massive upstream migrations of snails restored populations to pre-storm densities. 
These nuisances where not observed at Río Espíritu Santo where no site exhibited 
significant changes in stream habitat quality or snail density relative to 2007. 

6. Analyses of descriptors of stream discharge regime and time series showed a 
clustering significantly different from the four traditional climatic regions of Puerto 
Rico, based on rainfall and evapotranspiration. 

7. Of the stations >80% (of 23) showed a flashy behavior, and only three showed 
damped oscillations possible related to limestone geology, low gradients and forest 
cover. 

8. Of the stations 34% showed clearly defined multiannual cycles of high and low 
discharge. Prolonged low-discharge periods (ca. 17 yrs) were observed in a first 
group (e.g., Río Grande-El Verde). In contrast, prolonged high-discharge periods 
were observed at second group (e.g., Mameyes-Sabana and Sabana-Sabana).  In a 
third group, stations mostly at the south, high and low discharge periods exhibited 
equal duration.  In a fourth group, low and high discharge periodicity was irregular 
(e.g., Espíritu Santo-Río Grande). 

9. Intra-annual variability in streamflow showed three regions, unrelated to the classic 
climatic regions (Fig. 23).  The first group showed greater variability between 
January and April, the second, between August and December.  Two stations at the 
northwestern tip of the island showed no clear pattern. 

10. Stream discharge in Puerto Rico showed significant cross-correlations with the North 
Atlantic Oscillation (17 stations) and the El Niño-Southern Oscillation (12 stations) in 
more than 50% of the 23 stations included in the analysis. 

11. Responsiveness to NAO or ENSO, however, varied across the island, but a 
geographic clustering related to the climatic zones was not observed (Fig. 24). 
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Figure 23 - Contrasting classifications of Puerto Rico based on climatic (colored 
regions) and streamflow (colored dots) data (Chaustre-Bernal 2008). 
 

 
A 

 
 
B 

 
 
Figure 24 - Clustering of the USGS stations that showed significant cross-correlations 
with the North Atlantic Oscillation Index (A) and the El Niño-Southern Oscillation (B). 
Similar color indicates similar magnitude and time-lags in cross-correlations. Note that 
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responsiveness to ENSO or NAO does not show a clear geographic pattern (Sarmiento-
Bautista 2008). 

Blanco, J. F., A. Vera, and J. Ortíz-Zayas.  2007.  The influence of teleconnections on 
rainfall variability in southwestern Puerto Rico. In: Proceedings of V FRIEND World 
Conference, Havana, Cuba. Impacts of variability and climate change. Selected 
presentations on Latin America and the Caribbean. UNESCO-International 
Hydrological Program VI Technical Document IHP-LAC No. 11: 55-61 

Sarmiento-Bautista, J. M.  2008.  Hidrogeografía de Puerto Rico: regionalización de 
regímenes de caudales [Hydrogeography of Puerto Rico: regionalization of 
streamflow regimes].  Honor’s thesis in Biology.  Universidad de Pamplona, 
Pamplona, Colombia. 

 

Human impacts on streams: historic changes in fish communities  (Pringle, Crook, Smith)  
A notable scientific contribution is our published comparison of the current and  historic 
estuarine fish community in the Rio Espíritu Santo.  Historical data are often one of the 
only resources available for documenting and assessing causes of environmental change.  
We present data from a year-long study of the fish community of the Espíritu Santo 
conducted in 1977.  This dataset is among the oldest and most extensive surveys of a 
Caribbean island estuarine fish community.  A comparison of these historical data with 
data collected in June and  July 2004 using identical sampling methods allowed 
description of potential long-term changes in the fish community, identification of 
vulnerable species, and assessment of potential drivers of change.  Results strongly 
suggest a decline in species richness and abundance in the Espíritu Santo estuarine fish 
community, with greater declines in freshwater-tolerant than marine or euryhaline 
species. Declines in freshwater inflow to the estuary, due to large-scale upstream water 
abstractions for municipal use, have increased since the initial 1977  survey.  This is the 
first study to examine long-term change in the fish community of a tropical island 
estuary. Results indicate that additional research and conservation efforts are needed to 
understand mechanisms of change and to protect Caribbean island estuarine fish 
communities.  

Smith, K. L., I. Corujo-Flores, and C. M. Pringle.  In press.  A comparison of the current 
and historical fish assemblages in a Caribbean island estuary: Conservation value of 
historical data.  Aquatic Conservation. 

Human impacts on streams: assessing bi-directional riverine connectivity  (Crook, 
Pringle) 

Another major contribution is the development of a method to in neotropical streams 
dominated by migratory fauna (Crook et al. in press).  In this paper we present a 
conceptual model for estimating the probability that an individual shrimp is able to 
migrate from a stream’s headwaters to the estuary as a larvae, and then return to the 
headwaters as a juvenile, given a set of dams and withdrawals in the  network.  We apply 
the model to flow and withdrawal data for a set of dams in Luquillo Experimental Forest 
to illustrate potential effects of dams on migratory shrimps.  Using our Index of bi-
directional riverine connectivity (IBRC), we classified 17 water intakes in streams 



Luquillo LTER Annual Report 2007-2008:  Findings 
 

 page 49 

draining the CNF as having low, moderate, or high connectivity in terms of shrimp 
migration in both directions.  An in-depth comparison of two streams showed that the 
stream characterized by highest water withdrawal had low connectivity, even during wet 
periods.  Severity of effects is illustrated by a drought year, where the most downstream 
intake caused 100% larval shrimp mortality 78% of the year.  The ranking system 
provided by our index can be used as a tool for ecologists to evaluate the relative 
vulnerability of migratory biota in streams, across different scales. 

Crook, K. E., C. M. Pringle, and M. C. Freeman.  In press.  A method to assess bi-
directional riverine connectivity in tropical streams dominated by migratory biota. 
Aquatic Conservation. 

 

Urban heat island  (Murphy, Hall) 
By combining the results on electricity demand with previously reported results 

from studies on urban heat islands we were able to assess the impact of urban heat islands 
on electricity consumption in San Juan.  Preliminary results show that temperature 
fluctuations have a 5 to 15 times greater impact on electricity consumption than 
electricity prices or income.  Up to 53% of the electricity consumption in urban areas is 
spent mitigating temperature increases caused by urban heat islands.  This amounts 
roughly to 1.9 billion dollars per annum in electricity costs.  
 

Forest tree species composition  (Uriarte, Thompson, Zimmerman, Canham) 
Using the 16-ha Luquillo Forest Dynamics Plot (LFDP) we are exploring the extent to 
which human land-use selects tree species with particular life histories and creates new 
forest communities.  We have proposed that these new communities have different 
successional pathways and distinct community equilibria after hurricane disturbance 
compared to forests not subjected to human disturbance.  We are testing this idea with the 
SORTIE forest model using long-term census data from the LFDP.  We do this by having 
SORTIE-PR explore a range of scenarios varying in both land-use history and different 
frequencies and intensities of hurricane disturbance. 

The original SORTIE model platform was completely rewritten in order to 
accommodate our data from the LFDP, and the model has been parameterized with 
information on species growth, mortality and recruitment and the additional components 
on hurricane damage, light, and the effects of land use history.  This model represents a 
synthesis of our work on the LFDP and our attempts to understand the impact of 
hurricanes and the legacy of land use history on species population dynamics in order to 
predict potential forest changes in the future.  The model results include: 1) the 
implications of variation and frequency of tropical storms for the long term dynamics of 
tropical forest, and 2) how hurricanes and land use history interact to determine forest 
community structure.  The main findings are that both the severity and frequency of 
hurricanes play an important role in maintaining the population of species that would 
become rare in the absence of storms, but that species responses to hurricanes are not 
easily predicted from their life history attributes.  Also, land use legacies are likely to 
persist for centuries, but over time the differences between areas that were altered by 
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humans and those that were relatively untouched would gradually become more similar 
in structure.   

The impact of storm regime on the abundance of eleven common species on the 
LFDP varies (Fig. 25).  Cyclic storms are those whose average frequency changes over a 
50 year cycle as has been proposed recently by meteorologists.  This was compared with 
a noncylic random occurrence of storms based on the 500 year historical frequency.  The 
two hurricane storm regimes were compared to a storm regime where there were no 
hurricane strength storms.  The difference in effect of cyclic and noncyclic hurricane 
regimes on species abundance was, depending on the species, as important as the 
difference in hurricane versus nonhurricane storm regimes. 
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Figure 25 - The impact of storm regime on the abundance of eleven common tree species 
in the Luquillo Forest Dynamics Plot.  Cyclic storms are those whose average frequency 
changes over a 50 year cycle.  Noncylic storms represent a random occurrence of storms 
based on the 500 year historical frequency.  The two hurricane storm regimes were 
compared to a storm regime where there were no hurricane strength storms.   
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Running the SORTIE-ND model out for two hundred years and comparing the 
species composition of human disturbed  and  less disturbed portions of the LFDP shows 
that, regardless of storm regime, the two portions of the plot converge in their 
composition (Fig. 26).  How they converge is important, however, and inspection of the 
simulations shows that the disturbed portion of the plot does not return to the composition 
of the less disturbed portion, rather the community becomes a blend of the two forest 
types with some secondary species, such as Casearia arborea, persisting in both former 
areas. 
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Figure 26 - The SORTIE-ND model run for two hundred years to compare the species 
composition of human disturbed and less disturbed portions of the LFDP.  Regardless of 
storm regime, the two portions of the plot converge in their composition. 
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Alien tree species in the Luquillo Forest Dynamics Plot  (Thompson, Lugo, 
Thomlinson) 

We used census data from the Luquillo Forest Dynamics Plot to investigate the 
population dynamics of species that were planted in the forest area by farmers and alien 
species that have entered the forest naturally.  Four species changed little over the 15-
year study period.  Six species declined in the interval between Hurricanes Hugo and 
Georges, then increased again after Georges.  One species increased and the other 
decreased throughout the 15-year study period.  Only two species, Swietenia macrophylla 
and Syzygium jambos, increased in the non human disturbed area of forest (See Figs. 27- 
29 for examples of the distributions in different censes of the LFDP).  If hurricane 
frequency increases these species may increase in number in the forest, as they have a 
lower mortality rate than many native species and more may survive a shorter inter 
hurricane period, while taking advantage of the increased light available after a hurricane.   
 

 
 
Figure 27 – Distribution of the alien tree species Coffea arabica in the LFDP over 15 
years. 
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Figure 28 - Distribution of the alien tree species Syzygium jambos in the LFDP over 15 
years. 
 
 

 
 
 
Figure 29 – Distribution of the alien tree species Swietenia macrophylla (big-leaf 
mahogany) in the LFDP over 15 years. 
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Thompson, J., A. E Lugo, and J. Thomlinson.  2007.  Land use history, hurricane 

disturbance and the fate of introduced species in a subtropical wet forest in Puerto 
Rico.  Plant Ecology 192:289–301 

 
 
 
4.  OTHER STUDIES 

Shrimp distributions and stream management  (Covich, Crowl, Cross, Ramírez)  
We integrated our long-term data on shrimp distributions and compared differences 
among four streams in two watersheds that differ in their geomorphology and drainage 
network structure.  We documented the importance of locations of stream pools relative 
to the  positions of steep (>3.5 m) waterfalls as a means of establishing spatial refugia 
from fish predation.  We also published a comparison of shrimp growth rates and 
secondary productivity from streams in two watersheds that differed in terms of the 
presence or absence of fish predators  

Several implications for managing tropical landscapes result from stream studies 
in the Luquillo Mountains.  The importance of natural disturbances and life-history 
phenomena (slow growth rates, long life spans and variable mobility) in predicting 
species abundance are now clear from studies of freshwater shrimps and crabs.  These 
populations of detritivores and omnivores are critical for breaking down organic 
materials and providing essential ecosystem services.  Food-web connections in these 
montane streams modify how energy flows affect nutrient cycling as well as nutrient 
storage in populations of the top-trophic level consumers.  These latter species can alter 
the rates of consumption by their food (leaf litter and algae).  We are currently using an 
individual-based modeling approach to mechanistically model the predator-prey 
interactions within the network context. 

Covich, A.P., T A. Crowl , C. L. Hein and W. McDowell.  In press.  Importance of 
geomorphic barriers to predator–prey interactions in river networks.  Freshwater 
Biology. 

Cross, W.F., A.P. Covich, T.A. Crowl, J.P. Benstead, and A. Ramirez. In press. 
Secondary production, longevity, and consumption rates of freshwater shrimps in 
two tropical streams with contrasting geomorphology and foodweb structure. 
Freshwater Biology.  

 

Atmospheric chemistry  (Mayol-Bracero, Gioda) 
With respect to aerosols in the atmosphere above Puerto Rico we have found: 
1. Size distributions and aerosol mass concentrations typical of marine remote areas.   
2. Predominant aerosol species: Cl-, Na+, SO4=, and POM.   
3. Samples with African Dust influence showed an enhanced number of accumulation 

and coarse mode particles and an increase in Ca2+, Mg2+ and K+ concentrations.   
4. The period with Anthropogenic Influence (continental air) from North America 

showed an enhanced number of accumulation particles, significant concentrations of 
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SO4=, NH4+, NO3-, and POM, sea-spray acidification, and the highest nss-SO4= 
concentrations.   

5. Based on the concentrations of EC, OC, and nss-SO4=, in general, the anthropogenic 
activity at the coastal sampling site (upwind from East Peak) was very low.  
Nevertheless, we could see the impact of aged pollution on the aerosol properties at 
that location. 

With respect to cloud water we have found that: 
1. The change in air mass origin, from clean to moderately polluted, was detected in the 

cloud properties as an increase in CN, CCN, and droplet concentration and a 
significant decrease in the median volume diameter. 

2. Predominant species: Cl-, Na+, SO4=, Mg2+ (Ca2+ for African Dust) 
3. Organics represent a small fraction of the cloud water.  
4. The clean period had the lowest organic carbon content and this could be because 

organic matter in the region is not ubiquitous and is dependent on either seasonal 
biological activity or source region.  

5. TOC and TN increased for the Anthropogenic, African Dust and Volcanic Ash 
periods. 

6. TN was higher than TOC for the African dust and Volcanic Ash periods. 
7. All species in cloud water had higher concentrations (2-4 times) than in rainwater. 

With respect to rain water we have found that: 
1. Results obtained at EP are comparable to the NADP data.  
2. Predominant species (annually): Cl-, Na+, SO4=, NO3-, Mg2+ (Ca2+ for African 

Dust)  
3. TOC and TN increased for the Anthropogenic, African Dust, and Volcanic Ash 

periods. 
4. TN was never higher than TOC. 

These results allowed us to conclude that: 
1. Continental air masses with pollution from North America, dust from Africa, and 

volcanic ash from Montserrat island affect the chemical and physical properties of 
aerosol, cloud, and rainwater in Puerto Rico. 

2. Aged pollution from African Dust and from North America showed increase in the 
number of particles in the accumulation and coarse modes and higher CCN 
concentrations.  The increase in the coarse mode could lead to higher concentrations 
of the so-called giant CCN, having an impact on precipitation formation, and thus 
cloud life-time. 

3. Continental air masses showed increase in organic and nitrogen species, as well as 
sulfate, and decrease in pH values.  

4. African dust and volcanic ash bring particles rich in Ca, Fe, Al originated from soil 
and also anthropogenic species such as NO3-, NH4+, SO4=.  

5. African dust inputs can be an important source of nutrients, such as nitrogen, for the 
rainforest (soils and plant life). Therefore, may be critical for sustaining vegetation. 

Gioda, A., O. L. Mayol-Bracero, F. Morales-García, J. Collett, S. Decesari, L. Emblico, 
M. C. Facchini, R. J. Morales-De Jesús, S. Borrmann, S. Walter, J. Schneider, S. 
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Mertes.  In press.  Chemical composition of cloud water in the Puerto Rican Tropical 
Trade Winds.  Water, Air and Soil Pollution.  

Allan, J., D. Baumgardner, G.B. Raga, O.L. Mayol-Bracero, F. Morales, F. García, G. 
Montero-Martínez, S. Borrmann, J. Schneider, S. Mertes, S. Walter, M. Gysel, U. 
Dusek, G. Frank, and M. Kraemer.  2008.  Clouds and aerosols in Puerto Rico–a new 
evaluation.  Atmos. Chem. Phys. 8:1293-1309. 

 

Forest tree species diversity 
Forest tree species diversity: neighborhood effects on seedling survival  (Uriarte, 

Zimmerman, Thompson, Canham) 
We used a cross-site study to evaluate similarities and differences among tropical forests 
in order to enhance our understanding of the ecological processes structuring such diverse 
communities.  The Baysian analytical method described summarized the community 
dynamics in a way that reflects the ecological diversity of the many species that coexist 
in each forest community. The analysis reduces the bias caused by the most abundant 
species and ensures that rare species contribute to the results.  The Bayesian hierarchical 
model compared neighborhood effects on seedling survival at two Neotropical forest 
sites, the 50-ha Barro Colorado Island Forest Dynamics Plot (Panama) and the 16-ha 
Luquillo Forest Dynamics Plot (Puerto Rico).  The analysis showed that conspecific 
neighbors affect seedling survival negatively at both BCI and Luquillo.  However, 
conspecifics at Luquillo had a more negative effect on seedling survival, and there was 
more variation among species at Luquillo than at BCI (Fig. 30).  
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Figure 30 – A Bayesian hierarchical model comparing neighborhood effects on seedling 
survival at two Neotropical forest sites, the 50-ha Barro Colorado Island Forest Dynamics 
Plot, Panama, and the 16-ha Luquillo Forest Dynamics Plot, Puerto Rico. 
 
 
Forest tree species diversity: the contributions of large tropical forest dynamics plots  

(Zimmerman, Thompson, Brokaw) 
We published a synthesis of the contributions that large tropical forest dynamics plots 
(FDPs) in the Center for Tropical Forest Science (CTFS) network of plots – including our 
plot in Luquillo - make to the development of our understanding and testing of 
hypotheses to explain species diversity of tropical forests.  Three potential explanations 
for the high level of species diversity observed in tropical forests that have received 
particular attention using data from the FDPs were considered, including: (1) neutral 
theory - a null model for community dynamics, (2) negative density dependence (NDD), 
and (3) gap specialization and dynamics.  The differences among these explanations are 
discussed, including, among other things, rare species advantage and the relative 
importance of the life-history characteristics of each species, and how they may 
determine the community dynamics. 

Zimmerman, J. K., J. Thompson, and N. Brokaw.  2008.  Large tropical forest dynamics 
plots: Testing explanations for the maintenance of species diversity.  Pages 98-117 in 
W. Carson and S. Schnitzer (eds.).  Tropical Forest Community Ecology.  Blackwell 
Publications, Oxford, UK.  

 
 

Plant reproduction 
Plant reproduction: tree phenology  (Zimmerman, Wright) 
The seasonality of both rainfall and solar irradiance might influence the evolution of 
flowering and fruiting in tropical forests.  In seasonally dry forests, to the degree that soil 
moisture limits plant productivity, community-wide peaks in reproduction are expected 
during the rainy season, with seedfall and germination timed to allow seedlings to 
become well established while soil moisture is available.  Where soil moisture is never 
seasonally limiting, seasonal changes in light availability caused by periods of cloudiness 
or seasonally low zenithal sun angles should favor reproduction during seasons when 
irradiance levels are high. To test these predictions, we documented the timing of flower 
and fruit fall for 10 and 15 y at El Verde, Puerto Rico, and Barro Colorado Island (BCI), 
Panama. At El Verde, rainfall is abundant year-round and solar declination largely 
determines seasonal variation in irradiance (Fig. 31).  At BCI, rainfall is abundant 
throughout the 8-mo wet season while drought develops and average solar irradiance 
increases by 40–50% over the 4-mo dry season. Seasonal variation in the number of 
species flowering and fruiting at both sites was generally consistent with the hypothesis 
that seasonal variation in irradiance limits the evolution of reproductive phenologies 
(Figs. 32, 33).  Community-level metrics provided no evidence for a similar role for 
moisture availability at BCI.  Seasonal variation in irradiance also strongly influenced 
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seed development times at both sites. Thus, community-wide phenologies reveal a strong 
signature of seasonal changes in irradiance, even in those forests that exhibit some degree 
of seasonality in rainfall. 
 
 

 
 
 
 
Figure 31 - Rainfall and solar irradiance at El Verde (a) and Barro Colorado Island (b). 
Rainfall data were collected at El Verde Field Station (1975–2002) and total solar 
irradiance data were collected at the Bisley Experimental Watersheds (1998–2000) in the 
Luquillo Mountains, Puerto Rico. Rainfall (1929–2002) and total solar irradiance (1984–
2002) for BCI. 
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Figure 32 - Phenologies of flower (left column of panels) and seed production (right 
column) at El Verde.  Graphs (c, g) presents histograms of numbers of species for mean 
dates (ignoring species with non-significant seasonality).  Graphs (d, h) show 
community-wide peak months of reproductive activity.  This community-wide metric 
equals the number of  species for which the month was included among the months that 
cumulatively accounted for 75% of annual reproductive output for a particular species 
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Figure 33 - Phenologies of flower (left column of panels) and seed production (right 
column) at the Barro Colorado Island Forest Dynamics plot. Graphs (c, g) present 
histograms of numbers of species for mean dates (ignoring species with non-significant 
seasonality). Graphs (d, h) show community-wide peak months of reproductive activity. 
 
 
Zimmerman, J. K.,S. Joseph Wright, S. J., Calder, O., Aponte Pagan, M. and Paton, S.  

2007.  Flowering and fruiting phenologies of seasonal and aseasonal neotropical 
forests: the role of annual changes in irradiance.  Journal of Tropical Ecology  
23:231-251. 
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Plant reproduction: long-term trends in reproductive activity in two tropical forests 
(Zimmerman, Wright) 

Tropical forests support perhaps 60% of all flowering plant species and 50% of all 
terrestrial NPP and carbon stored in terrestrial biomass; therefore, understanding tropical 
forest structure and dynamics is of fundamental and applied importance in ecology.  A 
major component of population dynamics is seed production, but there are few long-term 
studies of flowering and seed production in tropical forests.  This paper reported long 
term quantitative studies of reproduction in Neotropical forests in eastern Puerto Rico, 
central Panama, and Amazonian Ecuador that varied in diversity, seasonality, and 
disturbance regime.  At each site, flower, fruit and seed fall of all plant species were 
recorded every 1-2.5 weeks, using a network of 120-200 traps.  Data on intra-annual 
patterns of flowering strongly suggest that seasonal patterns of irradiance control the 
timing of reproduction in Neotropical forests.  Only one site has a seasonal rainfall 
pattern (a 4 month dry season), but precipitation showed no effect on community-wide 
flowering and fruit production.  In Panama elevated fruit production occurred in El Niño 
years and there has been a long-term increase in flower production by trees (1.1% per 
year) and lianas ( 4.5% per year).  This steady 19-yr rate of increase, which affected 
flower but not fruit and seed production, suggests an effect of climate change.  Data from 
Puerto Rico show the impact of two Hurricanes, Hugo in 1989 and Georges in 1998, on 
interannual patterns of reproduction, which obscured any long-term trends in 
reproductive patterns.    
 

Plant reproduction: tree breeding systems  (Forero-Montaña) 
We have finished field work on three dioecious tree species, Cecropia schreberiana, 
Dacryodes excelsa and Tetragastris balsamifera.  Initial findings show that there is no 
male bias in population numbers for any of the species. This contradicts theories that 
suggest male biased sex ratios should occur because females have higher resource needs 
for producing seeds, and therefore there are likely to be lower numbers of female plants.  
In fact, one species, Dacryodes excelsa, showed a female bias in mid-sized trees.  There 
were no differences in growth rates between males and females in any of the species.   
 

Composition and Structure of Caribbean bat assemblages:  effects of inter-island 
distance, area, elevation, and hurricane-induced disturbance (Willig, Presley) 

Although bats of the Caribbean have been studied extensively, previous work is largely 
restricted to zoogeography, phylogeography, or the effects of island characteristics on 
species richness.  Variation among islands in species composition that is related to 
geographical or environmental variation remains poorly understood for much of the 
Caribbean.  Using presence–absence data, we assessed the extent to which island area, 
maximum island elevation, inter-island distance and hurricane-induced disturbance 
affected patterns of composition and nestedness for bats in the Bahamas, Greater Antilles 
and Lesser Antilles.  Analyses were conducted for all species, as well as for two broadly 
defined guilds: carnivores and herbivores.  For the Bahamas, only inter-island distance 
accounted for variation in species composition between islands.  For the Greater and 
Lesser Antilles, differences in island area and inter-island distance accounted for 
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differences in species composition between islands.  Variation in species composition 
was not related significantly to differences in elevation or hurricane-related disturbance.  
In general, results of analyses restricted to a particular broad guild (carnivores or 
herbivores) mirrored those for all bats.  Bat species composition was nested significantly 
in each island group.  Nestedness was stronger in the Greater Antilles and in the Lesser 
Antilles than in the Bahamas.  Carnivore assemblages were nested significantly in the 
Greater and in the Lesser Antilles, but not in the Bahamas.  In contrast, herbivore 
assemblages were nested significantly in each island group.  In summary, inter-island 
distance had a greater effect on compositional similarity of Caribbean bat assemblages 
than did island area, elevation or disturbance related to hurricanes.  Differential 
immigration and hierarchical habitat distributions associated with elevational relief are 
likely to be primary causes for nestedness of Caribbean bat assemblages.   

Presley, S. J., and M. R. Willig.  In press.  Composition and structure of Caribbean bat 
(Chiroptera) assemblages: effects of inter-island distance, area, elevation, and 
hurricane-induced disturbance.  Global Ecology and Biogeography. 

Willig, M. R., S .J. Presley, C. P. Bloch, and H .H. Genoways.  In press.  Macroecology 
of Caribbean bats:  Effects of area, elevation, latitude, and hurricane-induced 
disturbance.  In T. H. Fleming and P. A. Racey (eds.).  Island  Bats: Evolution, 
Ecology, and Conservation.  University of Chicago Press, Chicago, Illinois.  

 

Bird populations in tabonuco forest  (Waide) 
Bird populations in tabonuco forest continued to fluctuate annually after a long period of 
relative stability from 1989-2001.  In 2002, bird populations were the lowest that they 
had been during the period of record, and about 60% of peak numbers.  The decline was 
seen across several species.  Numbers recovered beginning in 2003 and reached pre-2002 
numbers again in 2005.  However, another decline was seen in 2006 and continued in 
2007 and 2008.  Thus, there is an indication of a cyclic process, but there are insufficient 
data at present to evaluate this trend.   
 

Soil acidification  (Zou, Warren) 
Due to concern of soil acidification resulting from long-term inputs of acidifying 
fertilizers, the effects of fertilization on soil acidity and fertility were studied in the 
subtropical wet forest in the Luquillo Mountains of Puerto Rico.  Applying acid forming 
fertilizers for thirteen years has resulted in a significant reduction in pH from 4.40 to 3.70 
and base cation saturation from 66% to 34%.  Aluminum and Fe concentrations have also 
significantly increased.  Soil acidification in fertilized plots can be attributed to an 
increase in acid dissociation rather than acid strength or quantity.    
 

Nitrogen retention  (Zou, Warren) 
In humid tropical forests, the potential for N leaching losses are high due to abundant 
rainfall throughout the year, however plant-soil-microbial interactions have not been well 
investigated as mechanisms of N retention.  Microbial N retention in tropical forests may 
be an important function which contributes to the maintenance of high forest 
productivity.  This study examines seasonal patterns in the dominant overstory (including 
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long-term monthly litterfall production and sap flow velocity), microbial biomass-C and 
N, extractable soil N, and potential N mineralization to determine if the soil microbial 
community retains N during periods of reduced plant uptake.   The field experiment 
utilizes long-term forest fertilization and aboveground litterfall exclusion plots to 
investigate if nutrient availability or aboveground C input stimulates seasonal patterns in 
microbial-C and N.  Seasonal variation was observed in all variables measured with the 
exception of potential N mineralization rate.  Litterfall production and sap flow velocity 
increased significantly with temperature during the summer months, and were lowest 
during the cooler and drier months of February and March.  During this period of reduced 
plant productivity, microbial biomass-C and N were higher, suggesting nutrient retention.  
Microbial biomass-C and N were stimulated by nutrient availability, rather than 
aboveground litter input.  Belowground processes such as litter input and root exudation 
appear to be more important than aboveground litter input for regulation microbial 
biomass-C and N, and should be included in future studies 
 

Bacterial community structures  (Zou) 
The bacterial community structures in the soils of broad-leaved forests, shrubs and 
pastures were examined by sequence analysis and terminal restriction fragment length 
polymorphism (T-RFLP) of 16S rRNA gene. Three geographical locations representing 
the tropical, subtropical and high plateau regions in SW China were investigated.  The 
bacterial communities in the soils of the broad-leaved forests at the three study sites 
clustered together, whereas the three vegetation types were distinct from one another, as 
revealed by principle component analysis (PCA) and cluster analysis of the T-RFLP 
fingerprint patterns.  Acidobacteria dominates the soil bacterial community in all three 
evergreen broad-leaved forests. Despite the higher floristic richness at the tropical broad-
leaved forest than the subtropical forest, the soil at the tropical forest harbored a distinctly 
high relative abundance of Acidobacteria affiliated sequences (contributed to 80% of the 
total clones), which led to a lower overall bacterial diversity. Our results suggest that the 
soil bacterial community structures does not positively correspond to a forest’s floristic 
richness, and correlates closer to the vegetative covers of forest, shrub or pasture than to 
the geographical locations across a gradient of tropical, subtropical and high plateau 
regions in SW China.  



Luquillo LTER Annual Report 2007-2008:  Training andDevelopment 
 

 page 64 

LUQUILLO LTER ANNUAL REPORT 2007-2008:   

TRAINING AND DEVELOPMENT 

 
 
Graduate and undergraduate students 
The Luquillo LTER program in 2007-2008 included several post-doctoral students and 
about 40 graduate and 35 undergraduate students, a large portion of whom were women 
or minorities 
 
REU Site Program – Summer 2008 
The REU site in Tropical Ecology and Evolution is a summer internship program based 
at El Verde Field Station.  The program enrolled nine students during summer 2008.  
Many of the student work with mentors in Luquillo and conducted research using LTER 
study plots or resources.  Student projects were: 
 
Matthew Nielsen, mentor Paul Klawinski: The responses of Puerto Rican spider 

communities to disturbance in different forest types. 
Daniel M. Dlugos , mentor Chelse Prather: Abundance and behavior of a litter snail 

(Megalomastoma croceum) in Puerto Rico. 
Maylen Pérez, mentors Jorge Ortiz and Débora Figueroa: Analysis of dissolved organic 

carbon quality in two tropical Puerto Rican streams receiving sewage. 
Ashley Recupito, mentor Alonso Ramírez: The role of decomposer on leaf litter 

decomposition of native and exotic tree species in a tropical Puerto Rican stream. 
Vilmarie Figueroa-Nieves, mentor Alonso Ramirez: Do insects consume leaf litter in 

tropical stream in Puerto Rico?  
Eric Botts, mentor Denny Fernández:  Light environments and plant recruitment in 

subtropical wet forest community within different past land use history. 
Elana Peach-Fine, mentor José J. Fumero-Cabán:  Reproductive biology of Lepanthes 

selenitepala and Lepanthes rubripetala: Two endemic orchids of Puerto Rico. 
Juan G. García Cancel, mentor Elvia J. Meléndez-Ackerman:  Influence of moss 

thickness and stream current on the distribution of Lepanthes (Orchidaceae) on 
Quebrada Sonadora. 

Maria Carr, mentor James D. Ackerman: Orchid – phorophytic interactions: Exploring 
vegetative adaptation of tropical epiphytic orchids. 

 
 
LTER REU students 
With LTER supplemental funding in 2007 REU student Valerie Schoepfer completed a 
project, Leaf inputs to streams.  (mentors:  Todd Crowl, Bill McDowell)  As summary of 
her report follows 

Leaf leaching is a potentially important source of nutrients and carbon in tropical streams. 
This study examined variability among species and condition (fresh vs. senesced) in 
leaching of DOC, NH4, NO3, PO4, and major cations and anions from leaves of nine 
common tree species in the Luquillo Experimental Forest in Puerto Rico. Uniform leaf 
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disks were leached in deionized water for 24 and 72 hours, and the carbon and nutrient 
content of the resulting leachate was determined. Leaves lost from 1-22% of their total 
mass, with the fresh leaves without a waxy coating losing the most. Overall, senesced 
leaves leached more than fresh leaves, resulting in a larger percent mass lost, the only 
exception being Bambusa vulgaris. DOC leached the most from all leaves, and the next 
most abundant component varied by species, with K, Cl, and Na being the next most 
abundant overall. Our results suggest that tropical leaves, especially senesced leaves, 
have the potential to lose a great deal of their mass and nutrients upon initial immersion 
into the stream. Further data will be collected to see if the length of time that leaves are 
leached has a consistent effect on the percent mass lost. 
 
 
Undergraduates at the Universidad de Antioquia (Colombia) 
Four undergraduate student at the Universidad de Antioquia (Colombia)participated in 
project activities during the current period:  Andrés Ceballos, Andrea Arroyave, Ingrid 
Chaustre-Bernal, and Johanna Sarmiento-Bautista.  (mentor:  Juan Felipe Blanco) 
 

Special training 
Several graduate and one undergraduate student received training in fatty acid analysis, 
environmental DNA extraction, PCR, TRFLP, sequencing, cloning and phylogenetic 
analysis.  (mentor:  Sharon Cantrell) 
 

Food web modeling 
Alan Covich, Bernie Patten, and Stuart Whipple made a special presentations on food 
web modeling for Luquillo LTER participants.   
 

New course in energy 
Work completed by graduate student David Murphy has enabled him to become a 
teaching assistant for the first course in the new energy minor at SUNY Environmental 
Science and Forestry, called Energy Systems.   
 

University of Pennsylvania and Wesleyan University course at Bisley 
Eighteen undergraduate students from University of Pennsylvania and Wesleyan 
University visited site, read papers and analyzed data from Bisley, an LTER study are in 
Puerto Rico 
 
Volunteer undergraduates 
In early 2008 five recent college graduates worked on the Luquillo Forest Dynamics Plot, 
a major research project in Luquillo LTER.  These recent graduates were exposed to the 
tropics for the first time and have learned to identify tropical plants in the seedling stage.  
They were also trained in data management techniques and the use of relational databases 
as well as given lectures and seminars on the project goals and other topics in tropical 
ecology. 
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IGERT at the University of Puerto Rico-Río Piedras 
An IGERT (Integrative Graduate Education and Research Traineeship) program funded 
by NSF will be based in the Environmental Science Program of the University of Puerto 
Rico-Rio Piedras.  The research theme of the IGERT program at UPR is “Human-Natural 
Systems in the Urbanizing Tropics”, and the grant money supports PhD students working 
in that area.  The IGERT program will be a strong complement to Luquillo LTER. 
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LUQUILLO LTER:  UNDERSTANDING CHANGE  

IN ECOSYSTEMS OF NORTHEAST PUERTO RICO 

 

ANNUAL REPORT 2007-2008:  OUTREACH 

 
 
Luquillo Schoolyard LTER 2007-2008 
Schoolyard Work Plan 
A work plan was prepared to organize future schoolyard activities with focus on three 
annual events:  a Planning Reunion, a Schoolyard Institute, and a Research Symposium.  
The plan also outlines the duties of the Science Mentor, a position created to facilitate the 
work with schools.  
 
Schoolyard Reunion 
A Luquillo LTER Schoolyard Directive held a planning meeting in May 2008 at the 
International Institute of Tropical Forestry at the Botanical Gardens of the University of 
Puerto Rico.  In this meeting we discussed the research agenda for the current year, 
which includes the Second Schoolyard Institute planned for October 2008 at El Verde 
Field Station.  About 20 high school students and four high school teachers from each 
Schoolyard school will be invited.       
 
Schoolyard Student Internship 
The 2nd Luquillo Schoolyard Student Internship is planned for October 17-19, 2008, at 
the El Verde Field Station.  Twenty students and their biology teachers from the three 
participating schools (Barranquitas, Naranjito and Florida) will be invited for a three-day 
internship at El Verde to receive training in forest ecology and limnology research 
protocols.  Students will receive training in data collection and analysis and will make 
short presentations about their research. 
 
Schoolyard Science Mentor 
From January to May 2008 Rafael Benítez Joubert started to work as the Luquillo 
Schoolyard Science Mentor.  He began his work with visits to the three participating 
schools in the municipalities of Florida, Naranjito, and Barranquitas.  All the 
participating schools have starting working with the Science Mentor in the research 
agenda of the Luquillo Schoolyard.    
 
Ecoplexity 
The Ecoplexity project is a NSF-funded initiative aimed at providing training to high 
school teachers in field ecology (www.ecoplexity.org).  This project began in June 2006 
and is in its third funding year.  Through this project, 10 science teachers from public 
schools in Puerto Rico received a two-week training this past summer.  The group 
developed independent research projects under the mentoring of several research 
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scientists.  The research was developed at the Santa Ana Environmental Education 
Center, in Bayamón, Puerto Rico.  The teachers applied field protocols to study soil 
arthropods, vegetation structure, bird communities, mammals, and reptiles and 
amphibians and were able to develop conceptual models of ecosystem structure through 
standard food web and ecosystem symbols.  This group of teachers will continue to 
receive training this year to prepare manuscripts to be submitted for publication in 
scientific journals. 
 
Institute for Tropical Ecosystem Studies 50th Anniversary Public Symposium 
Luquillo LTER is based at the Institute for Tropical Ecosystem Studies (ITES), 
University of Puerto Rico.  ITES reached its 50th year of operation in 2007.  In 
celebration, ITES held a public symposium on the history of ecological research in Puerto 
Rico.  Nick Brokaw spoke on LTER.  The symposium was well attended by the public 
and press.  
 
Puerto Rico Environmental Flows Symposium  
At the Puerto Rico Environmental Flows Symposium Fred Scatena presented the keynote 
address, on hydrological research in the Luquillo Mountains 
 
Saba Trust’s “Sea and Learn” educational program 
Following a visit to the Dutch island of Saba in January 2008, Barbara and Mike 
Richards were invited to take part in the annual Saba Trust’s “Sea and Learn” educational 
program.  This will involve talks to the adult population and visitors to the island, and 
also contributions  to the schools program. There is also a field program run in 
connection with the talks.  
 
Television appearance 
Juan Felipe Blanco participated in a local TV program (En Tela de Juicio, TeleAntioquia) 
to discuss on climate change in Colombia. 
 
Field trip to El Yunque National Forest 
Tana Wood and Nick Brokaw spoke about research and LTER to Puerto Rican high 
school students at Pico del Este. 
 
Developing Biomedical and Socio-Behavioral Research Capacity at UPR-Cayey  
Nick Brokaw is on the advisory board of the University of Puerto Rico-Cayey program:  
Developing Biomedical and Socio-Behavioral Research Capacity at UPR-Cayey.  This 
initiative is funded by NIH as part of its Research Infrastructure in Minority Institutions 
program. 
 
Outreach Publications 
Blanco, J. F.  2007.  Urge una agenda ecológica para estudiar el cambio climático en 

Colombia.  Revista Actualidades Biológicas 29:161-166.  
Rauber, R. M., B. Stevens, J. Davison, S. Goeke, O. L. Mayol-Bracero, D. Rogers, P. 

Zuidema, H. T. Ochs, III, C. Knight, J. Jensen, S. Bereznicki, S. Bordoni, H. Caro-
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Gautier, M. Colón-Robles, M. Deliz, S. Donaher, A. Edwards, V. Ghate, E. 
Grzeszczak, C. Henry, A. Hertel1, I. Jo, M. Kruk, J. Lowenstein, J. Malley, B. 
Medeiros, Y. Méndez, S. Mishra, F. Morales, A. A. Nuijens, D. O'Donnell, D. Ortiz-
Montalvo, K. Rasmussen, E. Riepe, S. Scalia, E. Serpetzoglou, H. Shen, M. Siedsma, 
J. Small, E. Snodgrass, P. Trivej, E. Zarouy, J. Zawislak.  2007.  In the driver’s seat 
– RICO and education.  Bulletin of the American Meteorological Society 88:1929-
1937. 

Scatena, F. N, J. Ortiz-Zayas, and J. F. Blanco.  In press.  Helping HELP with limited 
resources: The Luquillo experience. Water SA [South Africa], special issue. 
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LUQUILLO LTER:  UNDERSTANDING CHANGE  

IN ECOSYSTEMS OF NORTHEAST PUERTO RICO 

 

ANNUAL REPORT 2007-2008:  CONTRIBUTIONS 

 
 
Contributions to The Principal Disciplines of the Project   
The Luquillo LTER program is contributing the following new ideas and approaches to 
tropical ecosystem, community, and population ecology, the principal disciplines of this 
LTER program: 
·  Luquillo LTER now has the longest-running fern demography project in the world.  

This will contribute greatly to the understanding of demography, population structure, 
growth, phenology and ecological interactions of ferns. 

·  A new formulation of the SORTIE forest dynamics model which will be more easily 
used by other researchers in different ecological situations. This model will be freely 
available. 

·  Luquillo LTER has contributed much new, basic biology (i.e. morphology, size-body 
mass relationships), and ecology (i.e. spatial distribution, population dynamics and 
demography, predation) of diadromous (migrating between the ocean and fresh 
water) snails. 

·  Luquillo LTER has contributed a new perspective on how natural disturbances 
influence stream food webs and ecosystem processing of organic detritus in tropical 
rivers.  Our research provides an analysis of the long-term responses by freshwater 
shrimp populations to a series of disturbances (two major hurricanes and a strong 
drought) since 1988.  Our data on both biotic and abiotic variables that influence 
shrimp abundance are sufficient to sort out the importance of predation as it is related 
to the watershed’s physical template.  The combination of data on geomorphology, 
hydrology and stream drainage network structure is essential in determining how 
these species complete their life histories and disperse throughout multiple drainage 
networks.  The distributions and abundance of freshwater shrimp have shifted rapidly 
following a disturbance (weak resistance) while their overall community structure has 
returned to the original composition and dominance relationships (strong resilience) 
in response to disturbances.  

·  A notable scientific contribution is Luquillo LTER’s published comparison of the 
current and  historic estuarine fish community in the Rio Espíritu Santo (Smith et al. 
2008).  Historical data are often one of the only resources available for documenting 
and assessing causes of environmental change, Smith et al. (2008) presents previously 
unpublished data from a year-long study of the fish community of the Espiritu Santo 
conducted in 1977.  This dataset is among the oldest and most extensive surveys of a 
Caribbean island estuarine fish community.  A comparison of these historical data 
with data collected in June and  July 2004 using identical sampling methods allowed 
description of potential long-term changes in the fish community, identification of 
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vulnerable species, and assessment of potential drivers of change. Results strongly 
suggest a decline in species richness and abundance in the Espiritu Santo estuarine 
fish community, with greater declines in freshwater-tolerant than marine or 
euryhaline species.  Declines in freshwater inflow to the estuary, due to large-scale 
upstream water abstractions for municipal use, have increased since the initial 1977  
survey.  This is the first study to examine long-term change in the fish community of 
a tropical island estuary.  Results indicate that additional research and conservation 
efforts are needed to understand mechanisms of change and to protect Caribbean 
island estuarine fish communities.  

·  Another major contribution is the development of a method to assess bi-directional 
riverine connectivity in neotropical streams dominated by migratory fauna (Crook et 
al. in press).  In this paper we present a conceptual model for estimating the 
probability that an individual shrimp is able to migrate from a stream’s headwaters to 
the estuary as a larvae, and  then return to the headwaters as a juvenile, given a set of 
dams and withdrawals in the  network.  We apply the model to flow and withdrawal 
data for a set of dams in Luquillo Experimental Forest to illustrate potential effects of 
dams on  migratory shrimps.  Using our Index of bi-directional riverine connectivity 
(IBRC), we classified 17 water  intakes in streams draining the CNF as having low, 
moderate, or high connectivity in  terms of shrimp migration in both directions.  An 
in-depth comparison of two streams  showed that the stream characterized by highest 
water withdrawal had low connectivity,  even during wet periods.  Severity of effects 
is illustrated by a drought year, where the most downstream intake caused 100% 
larval shrimp mortality 78% of the year. The ranking system provided by our index 
can be used as a tool for ecologists to  evaluate the relative vulnerability of migratory 
biota in streams, across different scales. 

·  Bromeliad phytotelmata are microcosms that provide a uniform habitat, and their 
animal communities can be compared in different geographical locations. They are 
manageable discrete units, with many available replicates, and provide an ideal tool 
for answering ecological questions and comparing diversity. 

·  The study of soil biology in tropical ecosystems is an important contribution to the 
base knowledge of ecological theory, research and teaching; as studies on this region 
are generally lacking or poorly developed. 

·  Tropical carbon and nitrogen cycling research is disproportionately limited in 
comparison to research conducted in temperate latitudes.  Our research in carbon and 
nitrogen cycling in Puerto Rico represents a unique effort and a significant 
contribution to the understanding of global biogeochemistry because it is focused in 
tropical rivers and estuaries. 

·  In terms of carbon research, we are conducting pioneer studies to characterize the 
quality of DOC, which represent the primary energy source in tropical river 
ecosystems.   By understanding the dynamics of carbon quality we will be able to 
gain insights on the biodegradability of tropical fluvial carbon, which by altering the 
oxygen balance can have potential negative water quality implications, potentially 
limiting the uses of rivers for water supply and recreation.    
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Contributions to Other Disciplines of Science or Engineering 
In the past year Luquillo LTER has contributed to interdisciplinary research and 
applications:  
·  Research on diadromous biota has shown the importance of roads and dams to 

biodiversity, contributing to disciplines of civil engineering,  conservation, and 
Integrated Management of Water Resources by considering instream flows and 
habitat requirements of, and understanding flow regimes. 

·  Studies on ecohydrology, that is, the linkages between stream flows and climatic 
teleconnections, and hydrogeography. 

·  Econometric modeling to anticipate energy use trends in Puerto Rico and the 
consequences contributes to economic theory and policy decisions in Puerto Rico.  

 
 
Contributions to the Development of Human Resources 
Luquillo LTER has contributed the following to the development of human resources 
during 2007-2008: 
·  The Luquillo LTER program in 2007-2008 included about 40 graduate students, a 

large portion of whom were women or minorities 
·  The Luquillo LTER program included about 35 undergraduate students, many of 

whom were women or minorities. 
·  The Luquillo LTER research site was used for undergraduate level science field 

courses at the University of Pennsylvania and Wesleyan University and lead by 
Luquillo LTE Co-PI Fred Scatena.  

·  One example of the success of our training program is MSc. Rebeca De Jesus, who 
after successfully completing her degree obtained a job offer from the Department of 
Natural Resources.  Rebeca’s main job is to support their work by addressing impacts 
to aquatic ecosystems.  

·  Five young people (four of whom are from minority groups) have used their 
experience on the Luquillo Forest Dynamics Plot to continue to work or study 
ecology: Yazmín Rivera Rivera,  Nereida Ramirez Rodríguez, Diane de Viousa 
Thomas Bennet and Cristy Rodríguez all worked on the LFDP in 2007.  Yazmin 
Rivera started a PhD at the University of Syracuse in fall 2007 and will study tropical 
tree mychoriza.  Nereida Ramirez Rodriguez returned to work at El Verde Field 
Station as a technician.  Diane de Viousa is now working in ecotourism in San Juan, 
Thomas Bennet started a Masters degree in New Zealand, and Cristy Rodríguez is 
working for the ecology section at NSF in Washington. 

 
 
Contributions to the Physical, Institutional, or Information Resources that Form the 
Infrastructure for Research and Education 
·  Luquillo LTER use of research sites provides rationale and some direct support for 

facilities shared with other groups, such as El Verde Field Station, and laboratories at 
the University of Puerto Rico and the International Institute of Tropical Forestry, the 
Limnology Laboratory at Universidad de Antioquia, Colombia, and the Hydro 
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informatics Center, a high performance computing facility at Universidad de 
Pamplona, Pamplona, Colombia. 

·  In addition, a partner research project, The Gorgona Island Stream Bioassessment 
(Eastern Pacific, Colombia), funded by the Universidad de Antioquia Central 
Research Committee is in progress and it setting a providing a platform for cross-site 
comparisons between the Eastern Pacific and the Caribbean.  

·  Luquillo LTER continues to upgrade the artificial stream facility located at El Verde 
Field Station.   

·  In connection with Luquillo LTER the US Forest Service supplied additional 
meteorological equipment for Bisley and East Peak in the Luquillo Mountains so that 
that equipment meets the European and USFS standards for environmental 
monitoring. 

·  For the Luquillo Forest Dynamics Plot (LFDP) we are developing a spatially-explicit 
simulation model for the effects of hurricanes on the dynamics of the Luquillo Forest.  
The model – SORTIE/PR – was parameterized from field studies conducted under 
separate NSF funding (including extensive use of the long-term data from the 
Luquillo Forest Dynamics Plot).  SORTIE/PR is a specific application of SORTIE-
ND, a more general, open-source software platform for simulation of spatially-
explicit, neighborhood dynamics of forest ecosystems.  The source code and 
compiled versions, and documentation of all behaviors in SORTIE-ND are available 
at www.sortie-nd.org.   

·  Our research laboratory in Tropical Limnology, while limited in space, is the only 
dedicated facility to conduct limnological research in Puerto Rico.  It contains an ion 
chromatrograph, field water quality and light sensors, and a total carbon analyzer.  In 
that sense it is an invaluable asset to the University of Puerto Rico.   

 
 
Contributions to Other Aspects of Public Welfare Beyond Science and Engineering, 
Such as Commercial Technology, the Economy, Cost-Efficient Environmental 
Protection, or Solutions to Social Problems 
Luquillo LTER has made the following contributions to other aspects of public welfare: 
·  Our heat island studies effect will have implications for health in the San Juan area 

because we have shown that as much as two degrees of peak heat is caused by 
removal of vegetation.   

·  The results o studies on fungal litter mats provide the basis for their use in reducing 
erosion on small forest landslides, thereby improving stream quality and reducing 
siltation of water reservoirs and intakes. 

·  By studying how urban streams are been impacted and how streams have been 
modified by anthropogenic activities on the watershed, we are contributing to the 
management of urban streams in tropical regions.  Our studies have shown that 
macro-invertebrates and diatoms are good indicator of anthropogenic impacts to 
streams. In contrast, fish assemblage composition is not as impacted.  These facts are 
key to develop monitoring programs in tropical regions.  

·  Luquillo Aquatic research is being used as the basis for establishing environmental 
flow rules in Puerto Rico and the region. 
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·  Landslides are beginning to receive more attention throughout the tropics because of 
their devastating effects on the landscape and human lives.  Furthermore, there has 
been speculation that landslide frequency and severity will increase throughout 
tropical regions as a result of global climate change.  Luquillo LTER landslide 
research focuses on two important disciplines within landscape ecology:  succession 
and restoration.  The link between succession and restoration is strong and is just 
beginning to be used in the Luquillo Mountains.  Luquillo LTER landslide research 
helps those seeking to arrest soil erosion and accelerate revegetation of landslides.  
Additionally, such prevention and restoration techniques that are discussed in our 
landslide papers are important for human safety. 

·  As mentioned above Luquillo LTER has contributed a new perspective on how 
natural disturbances influence stream food webs and ecosystem processing of organic 
detritus in tropical rivers.  These studies along with new insights regarding the 
importance of species unique roles, especially by long-lived detrivores, is being 
applied to management of tropical rivers.  We are beginning to determine how our 
baseline distributions can be altered by human activities such as harvest in lower 
elevations that are more accessible to people.  Recent decisions by the USDA Forest 
Service to restrict harvesting of freshwater shrimp populations is partially based on 
our studies over the last 20 years.  

·  Luquillo LTER research on microbial communities has show that these communities 
have strong seasonal variations and that bacterial groups common to coastal and 
extreme environments thrive in the Luquillo Mountains. This information in 
combination with physicochemical data can be used to identify microbial indicators 
of climate changes and land-use histories. 

·  The relationship between denitrification and nitrate concentration shown in Figure 7 
in the Findings section is particularly important for environmental management in 
North America.  It means that with increasing nitrate levels in streams, we can expect 
a geometric, rather than proportional increase in nitrogen loading to sensitive coastal 
waters.  Watershed management to reduce N loading to streams and rivers is critical 
to maintaining a healthy coastal zone.  This conclusion is particularly important for 
Puerto Rico, with its valuable coastline and short river drainage networks.   

·  Our research converges with current attempts to understand the role of tropical 
developing areas on the global nitrogen and carbon budgets.  On the applied side, our 
research has direct linkages to water pollution control as it relates to the quality of 
water.   
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