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Most of the knowledge of tropical storm effects on forests is from studies conducted in reserves and protected areas. Effects on other settings such as urban forests, coastal forests, and in landscapes with mixed land uses and covers are, comparatively, less studied. Yet research from a range of forest types and landscape compositions is needed to inform actions associated with management, mitigation, or restoration efforts before and after storms. Studies of forests comprising various conditions, along with long-term observations, would offer unique insights into the varied and cumulative effects of tropical storms on forest ecosystems. The Caribbean island of Puerto Rico is one of the sites where most tropical storm-forest studies are conducted, yet studies come from a limited set of sites. Using Puerto Rico as a case study, we emphasize the need for broader research approaches that represent the wider range of forests that are exposed to tropical storms. Such an approach will provide valuable knowledge and understanding needed to inform and take actions across landscape settings, forest context, and socio-environmental conditions.
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INTRODUCTION

Tropical storms not only affect forests directly, but also the services and benefits they provide to sustain human wellbeing and their associated ecological, social, and technological systems (Chang et al., 2018; Lugo, 2020). Effects of storms on forests can be drastic or minimal in appearance, immediate or long lasting (Lugo, 2008; Schowalter et al., 2021). The breadth of topics included in research on the effects of storms on forests spans forest structure, root dynamics, species composition and diversity, as well as ecosystem functions (Shiels et al., 2014; McLaren et al., 2019; Uriarte et al., 2019; Yaffar and Norby, 2020). The increasing importance of research on storms and forests has been the topic of various recent review articles (Xi, 2015; Ibanez et al., 2019; Pruitt et al., 2019; Hogan et al., 2020; Lin et al., 2020).

Recent climate projections for the Caribbean Basin predict stronger cyclonic events by the end of the century (Bender et al., 2010; Balaguru et al., 2020). These projections include increases in storm surges, maximum wind speeds, and rainfall from tropical storm events (Torres and Tsimplis, 2014; McLean et al., 2015; Stennett-Brown et al., 2017; Martínez et al., 2019; Climate Studies Group Mona, 2020). Tropical storms and their effects on forests are studied worldwide, with the Caribbean and wider Atlantic Basin having more studies relative to other parts of the planet exposed to cyclones (Lin et al., 2020). In fact, a large proportion of published research on storms and forests is conducted in Puerto Rico, with only a few research sites contributing the most studies (López-Marrero et al., 2019; Lin et al., 2020). Therefore, not all forest types and conditions exposed to storm effects are adequately represented in current research.

The complexities of research on forests and tropical storms are the basis of recent calls to action and reviews aimed at promoting consistent data collection before the disturbance event, the use of similar protocols, and common research agendas across sites (Xi, 2015; Pruitt et al., 2019; Hogan et al., 2020; Lin et al., 2020). These reviews of storms and forest research also highlight the importance of before and after measurements to avoid confounding factors in the interpretation of storm effects. These reviews, however, are focused on improving methods and practices in existing or ongoing study sites. We note that the importance of broadening the types and conditions of forest studied is missing from these recent reviews aimed at advancing the studies on storms and forests. If the aim is to generate knowledge on the effects of storms and forests to inform actions to enhance resilience, then increasing studies in a range of landscapes and forest contexts is needed. When interpreting results, it is important to consider where research is being conducted and how representative of the broader forest context and landscape condition a research site may be (Fahey et al., 2015).

In this perspective article, we seek to highlight the importance of forest context and landscape setting in studies of tropical storms and forests. For the purpose of this article, “forest context” encompasses components and environmental conditions of forests being studied (climatic conditions, forest structure and composition, forest substrate, previous disturbances, intensity of storm effect, and cumulative effects of recurrent storms and other disturbances) while “landscape setting” refers to the matrix of landscape surrounding the studied forests (for example, “forest surrounded by forest” as opposed to forest surrounded by- or in a matrix of- mixed land covers) and current and past human activity influencing forests and its surrounding lands. We use Puerto Rico as a case study to emphasize the need for a broader landscape-context approach on the study of tropical storm disturbances in forests, as most studies are currently conducted in a limited set of sites and under settings that do not represent the most common types and conditions of forests in the landscape. To sustain and exemplify our argument, we provide a synopsis of published ecological research on the topic of tropical storms and forests in Puerto Rico (section “Synopsis of Ecological Research on Tropical Storms and Forests in Puerto Rico”), followed by examples of research where observations of storm effects varied depending on forest context and landscape setting (section “Forest Context and Landscape Settings in the Study of Tropical Storms and Forests in Puerto Rico: Some Examples”). We present concluding remarks on the need for research that addresses a broader representation of forests in order to move forward our knowledge and understanding of tropical storm effects on forest ecosystems (section “Concluding Remarks: Seeking Broader Representation of Forests and Landscapes”).



SYNOPSIS OF ECOLOGICAL RESEARCH ON TROPICAL STORMS AND FORESTS IN PUERTO RICO

From 1900 to 2020, a total of 75 tropical storms passed over or within 138 km of Puerto Rico’s coasts (following López-Marrero and Castro-Rivera, 2020). Passage of these atmospheric systems, ranging in intensity and trajectory, has provided opportunities to conduct research on disturbance effects on forest ecosystems and to produce new knowledge to broaden understanding of storms and forests in Puerto Rico and elsewhere. The prolific, long-term tropical storm and forest research in Puerto Rico is recognized for its contributions to tropical forest knowledge and is referenced worldwide (e.g., Burslem et al., 2000; Sato, 2004; Mascaro et al., 2005; Imbert and Portecop, 2008; Gleason et al., 2010; Lin et al., 2011, 2020; Luke et al., 2016; Yap et al., 2016).

A systematic literature review conducted by López-Marrero et al. (2019), identified 166 peer-reviewed research articles published between 1900 and 2017 regarding the study of tropical storms and forests in Puerto Rico. Most of these articles (85%) assessed storm effects on the biotic component of forest ecosystems, particularly plants, and mostly trees. Fewer studies (25% of plant-focused articles) addressed effects on a combination of plant life forms or assessed combined effects of storms and other aspects of biotic or abiotic forest ecosystem components (22% of plant-focused articles). When the biotic component was animals (37% of all articles), most of the studies (96% of animal-focused articles) researched an animal taxa individually; fewer studies addressed different taxa of animals in conjunction with, or including the interactive effects of, other organisms and processes. Moreover, most articles discuss the sole effects of storms on biotic components, as opposed to exploring the effects in relation to other disturbances or as part of land-use and land-cover change (e.g., past hurricanes, droughts, landslides, selective harvesting, land conversion).

López-Marrero et al. (2019) document that most of the knowledge on storm effects in Puerto Rico’s forests is from studies in protected areas, particularly the Luquillo Experimental Forest (LEF) in northeastern Puerto Rico where 86% of the studies were conducted. Research from study sites in protected areas tends to occur in a landscape of forested lands (“forest surrounded by forest”), as opposed to forests surrounded by other land covers. Moreover, most studies (91%) were conducted in a forest context of wet/humid climatic zones (where LEF is located) and focusing on only one climatic zone, instead of comparing effects between zones. Some studies, albeit fewer, were conducted in other protected forest areas, in landscape settings representative of other climatic conditions and geographic locations, for example, in Guánica Commonwealth Forest (dry) and Cambalache Commonwealth Forest (moist/wet). Few studies addressed coastal forest contexts, either mangroves or other forested wetlands. In terms of studied tropical storms, Hurricanes Hugo (1989) and Georges (1998) were the most studied. Hurricane Hugo was the focus of study in 65% of the articles, while Hurricane Georges was the focus of study in 40%. In more than half of those publications, storm events were studied individually; few studies addressed the interactive and cumulative effects of two or more storms in forest ecosystems. Most of the published research consisted of multiannual data collections with two or more years of study duration.

We updated the systematic literature review conducted by López-Marrero et al. (2019) after the hurricane season of 2017 – when Puerto Rico was affected by hurricanes Irma and María – and identified 18 additional articles published between 2018 and 2020 assessing ecological effects of storms on forests. Of those articles, 13 addressed the effects of hurricanes Irma and María. Analysis of those articles revealed that, like in the 1990–2017 study period, most of this recent research focused on studies about biotic components of the forest ecosystem, and many, specifically on trees. Likewise, the LEF was the study site for most of these articles. However, there was relatively more research conducted in multiple study sites, allowing for comparisons of hurricane effects on different landscape settings and forest contexts. Finally, we found that in the reviewed period of 2018–2020 only two articles compared the effects of three hurricanes (Hugo, Georges, and María).



FOREST CONTEXT AND LANDSCAPE SETTINGS IN THE STUDY OF TROPICAL STORMS AND FORESTS IN PUERTO RICO: SOME EXAMPLES

The research on tropical storms and forests in Puerto Rico currently provides limited representation of forest types, contexts, and landscape settings. Current knowledge is mostly based on research from protected forests within forested landscapes, mostly in mountainous, and in wet zones (López-Marrero et al., 2019). Indeed, forest reserves and long-term research sites are fundamental to the understanding of forests and storms with an essential role as drivers of knowledge generation (Zimmerman et al., 2021).

From research conducted within a forested landscape setting in a wet montane forest we have learned that the biotic component of tree aboveground biomass after Hurricane Hugo was reduced by 50% yet recovered to baseline levels within 10 years (Heartsill-Scalley et al., 2010). Tree biomass recovered, and species composition increased beyond pre-hurricane conditions after 15 years of observations. In the same study area, and in contrast to trees, non-tree vegetation such as ferns and vines were observed to recover quickly but decrease in species richness after the same hurricane. Because understory and non-tree vegetation comprise the bulk of forest plant diversity, and understory vegetation serves to filter recruitment of tree seedlings, these findings are significant for understanding further changes associated to storm effects on forests. Studies of non-tree vegetation and hurricanes have been conducted in only a few landscape settings, including forests in agricultural landscapes (Perfecto et al., 2019) and forests surrounded by forests (Meléndez-Ackerman et al., 2003; Royo et al., 2011). We do not know enough about how storms affect non-tree vegetation in a range of forest contexts and landscape settings. Non-tree vegetation plays important roles in both human livelihoods and forest succession dynamics, as these plants may allocate more resources to roots, re-sprout leaves or fronds, flowering, and fruiting in the post-hurricane forest, thus providing resources for a range of consumers and uses and contributing to increase forest biomass (Wunderle, 1999; Meléndez-Ackerman et al., 2003; Royo et al., 2011; Pagán-Jiménez et al., 2019; Soto-Parrilla and Heartsill-Scalley, 2021).

Ecosystem processes occurring within the same landscape setting of “forest surrounded by a forests,” range in temporal scales and in their recovery. For instance, leaf-fall and movement of leaves through forest streams recover at different time ranges, taking from months to decades to return to pre-hurricane conditions. In the same study site it only took 5 years for leaf-fall rates to return to pre-hurricane Hugo levels, while for the movement and export of leaves via forest streams takes more than 20 years to recover (Heartsill-Scalley et al., 2012). These differences in effects and recovery intervals demonstrate that ecosystem processes are complex and dependent on a combination of forest structure, species composition, and intensity of storm effects. As pointed out by Lin et al. (2020), long-term studies and observations at different time scales, both prior to and after disturbance events, are fundamental. Beyond these long-term studies and addressing different time scales, we also note the need to explore the potential cumulative and synergistic effects of recurring disturbances through time on forest ecosystems.

We must also keep in mind how representative research sites in forested landscape settings may or may not be, and what are the challenges to their applicability to broader forest contexts and landscape settings (Fahey et al., 2015). For instance, and although forests in urban landscapes are also affected by tropical storms, these currently do not represent a large proportion of published research on forests and storms. Nevertheless, urban areas are expanding rapidly, resulting often in a sprawling landscape that may surround and contain a range of urban forests that are either remnants of historical forest distributions or are urban forests with novel species composition (Lugo et al., 2012, 2020).

Within an urbanized landscape setting, there are significant distinctions in urban forest context, whether historical remnant or novel, and both still are underrepresented in studies of storm effects. Increasing the number of studies and the understanding of storm effects on forests in urban areas has, however, challenges. For example, constraints identified in urban forest recovery and succession (such as landscape seed sources or source-and-sink metapopulation dynamics) become strained with higher landscape urbanization levels and urban sprawl (Yu et al., 2019). These conditions associated with urban forest fragmentation are understudied in both upland forests and coastal forest wetlands. Moreover, and beside storm events, other processes and dynamics in urban areas affect coastal forests, potentially reducing the services and diminishing their natural regeneration capacity. The forest context in this urban landscape setting must consider, consequently, a combination of disturbances in coastal areas such as urban encroachment, hydrological modifications, sea-level rise, floods, or storm surges (Branoff, 2019; Yu et al., 2019; Yu and Gao, 2020). Moreover, forest context in coastal urban settings includes a variety of conditions such as dry forest over karst substrates, mangroves, novel forests, and other brackish and freshwater wetlands. Under such a range of forest contexts, exploring the potential compounding effects of storms and other disturbances including (including human activity), as well as forest conditions, is needed.

Forest context and landscape setting are a product of environmental history and human influence. This includes, for example, a combination of previous land use and human activity, previous disturbances (droughts, storms, landslides), and presence of particular species or other forest elements at a study site. Therefore, environmental history and human activity of a forest site is an important lens through which to interpret the effects of tropical storm disturbances on forests and their subsequent successional trajectories. Awareness of historical forest context and landscape settings not only serves to estimate the age of forest stands, but also the changes in the surrounding forest. The degree to which tropical storms may alter structure and species composition in a forest site is, in part, a consequence of the template left by past land use and human activity (Fu et al., 1996; Foster et al., 1999; Lomáscolo and Aide, 2001). Previous land-use history is consistently found to be a driver of species composition and successional trajectories beyond the effects from storms in forested landscapes (Hogan et al., 2016, 2017). Although hurricanes alter structure and species composition, they do so over a landscape influenced by enduring past human uses and management activities, and consequently, acting upon multiple cumulative, and interacting disturbances.

Multiple and interacting disturbances influence the type of effects and the range of responses of forests to tropical storms. For instance, a hurricane followed by drought would need different threshold indicators for management actions than storms followed by heavy rainfall and floods. In a study that encompassed various forest contexts within the same “forest surrounded by forest” landscape setting, Campos-Cerqueira and Aide (2021) incorporate pre-existing knowledge of drought and hurricane responses in their long-term analyses of fauna. They identified that the drought preceding Hurricane María had stronger effects on their fauna observation than the hurricane did. Therefore, they were able to properly interpret observations of post-hurricane effects by explicitly integrating multiple and previous disturbances into their analyses. Yu and Gao (2020) also incorporated hurricane and drought in a study of forests within various forested landscape settings: lowland forested wetland, montane wet forests, and coastal dry forests. They were able to identify factors such as orientation, topography, and elevation that, in addition to the drought, were associated to each forest context’s level of hurricane effects, tree structure changes, and recovery response rates. In mangroves and coastal forested wetlands, effects of storm surges are often integrated and hard to distinguish from the hurricane event. Therefore, being able to identify structural damage from wind and mortality from storm surge flooding are important when proposing management actions to restore affected coastal forests. An approach that considers studying separate and combined effects of both storm surge flooding and canopy foliage loss from hurricane winds is needed, both in forested and urbanized landscape settings. This would more efficiently guide management actions for coastal area forests, which may include the need for surface and hydrological modifications before vegetation restoration and tree planting activities (Branoff, 2019; Yu et al., 2019). Studies such as Campos-Cerqueira and Aide (2021) and Yu and Gao (2020) demonstrate the need to address and increase our knowledge of the effects and feedbacks of multiple disturbances in forest ecosystems, as well as in settings outside of forested landscapes.



CONCLUDING REMARKS: SEEKING BROADER REPRESENTATION OF FORESTS AND LANDSCAPES

Building knowledge on the effects of tropical storm disturbances on forest dynamics requires an approach that is broadly representative. The goal of this article is to promote production of new knowledge on- and understanding of tropical storms and forests that encompasses a wide range of forest contexts and landscape settings affected by such events. To advance knowledge applicable to all forest types and contexts areas that are exposed to cyclonic activity, we must explicitly study forests in a variety of landscape setting and contexts: coastal, dry, urban, novel, among others. Moreover, resource managers and the broader community seek to develop plans to implement actions before and after storms in community forests, agroforestry systems, urban, and suburban interface areas (Imbert, 2018; Lazos-Chavero et al., 2018; Perfecto et al., 2019; Landry et al., 2021; Rodríguez-Cruz and Niles, 2021; Torres-Martínez et al., 2021) and they often need to decide on priorities for management actions in multiple forest contexts and landscape settings. Consequently, understanding forest effects, processes, and subsequent response and recovery time scales in a variety of contexts and settings can serve to guide decision-making and management actions needed to build resilience in the ecological, social, and technological systems in which forest are embedded.

Current climate change projections of tropical storm activity place us at a threshold moment where research on a broader set of forest contexts and in different landscape settings is required to facilitate management, mitigation, or restoration efforts. To address the complex effects of tropical storms on forest ecosystems, inputs from various disciplines is required. Actions to maintain forest cover, along with the services and benefits they provide, must consider their applicability throughout the complex landscape mosaics affected by tropical storms; it should be explored through the lens and collaboration of multiple disciplines. Enhancing our knowledge on hurricanes and forests as broadly as possible will improve our capacity to live with tropical storms and changing socio-environmental conditions.
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